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ABSTRACT
Health monitoring of the composite structures is an important issue that must be
addressed. Embedded sensors could be an effective way to monitor the health of composite
structures continuously and which could also avoid the catastrophic failures of composite
structures. Piezoelectric-fiber-composite sensors (PFCS) made from micro-sized Lead Zirconate
Titanate (PZT) fibers have great advantages over the traditional bulk PZT sensors for embedded
sensor applications. PFCS as an embedded sensor will be an ideal choice to continuously
monitor the stress/strain levels and health conditions of composites. This work presents a critical
study on using PFCS as an effective embedded sensor within the composite structures.

Firstly, a series of carefully planned experiments are conducted to study the sensor
performance based on characteristics like transfer function, sensitivity, nonlinearity, resolution,
and noise levels. A numerical simulation study is performed to understand the local stress/strain
field near the embedded sensor region inside composite specimen. High stress-concentration
regions are observed near the embedded sensor corner edge. In-plane tensile, in plane tensiontension fatigue, flexural, and short beam strength tests are performed to evaluate the
strengths/behavior of the composites (composite laminates and composite sandwich structures)
containing embedded PFCS sensor. Overall PFCS seems to have high compatibility with
composites and the reduction in strength values are within the permissible limits.

Embedded PFCS‟s voltage output response under tension-tension fatigue loading
conditions has been recorded simultaneously to study their ability to detect the changes in input
loading conditions. A linear relationship has been observed between the changes in the output

xiii

voltage response of the sensor and changes in the input stress amplitude. This means that by
constantly monitoring the output response of the embedded PFCS, one could effectively monitor
the magnitude of stress/strain acting on the structure. Experiments are also performed to explore
the ability of the embedded PFCS to detect the damages in the structures using modal analysis
and impact techniques. PFCS are able to detect defects like delamination and cracks inside the
composite structure using these two methods. Hence embedded PFCS could be an effective
method to monitor the health of the composite structures‟ in-service conditions.

xiv

CHAPTER 1 : INTRODUCTION

1.1 Overview

Composite structures have been developed and used for modern aviation, military, and
civil applications for over 50 years because of their following major advantages over metals: (i)
higher stiffness to weight or strength-to-weight ratio, (ii) higher resistance to fatigue damage and
harsh environments, (iii) repairable, (iv) provides design flexibility, and (v) lighter in weights.
The demand for materials that are both light and strong has been the main force driving the
development of composite structures. The multi-layered composite plate like structures has been
used to achieve substantial reductions in the structural weight of both military and commercial
aircrafts [Agarwal and Broutman, 1990].

The various components of new generation commercial aircrafts (such as, Boeing 787
and Airbus 380) and military fighter planes are being constructed using the composite materials.
There is a rise in the use of advanced composites for manufacturing the important aircraft
components like wing and tail sections, airframes, propellers, rotor blades, body panels, and
many internal structures. The Boeing 787 airframe is made up of approximately 50% of
composite materials by weight (the skin, entire sections of the fuselage, and wing boxes). The
Airbus 380 with an airframe made up of approximately 25% composites by weight (central wing
box made of totally composites). Figure 1.1 illustrates the growing use of composites in military
and commercial aircraft applications. This advancement and increased use of composites in
primary structures creates the possibility of aircraft accidents involving composite failures
[Charles and Mark, 2008].
1

Figure 1.1 : The growing use of composites with time in major aircraft programs by
percent of the total airframe weight [Joseph and Alfred, 2006]

Typical aircraft composites are brittle in nature; hence they undergo relatively minor
permanent deformation prior to final failure. Typical aircraft composites are made of two major
constituents: (i) long fibers (typically carbon or glass) that are stiff and strong, and (ii) a matrix
(hardened plastic glue to hold fibers together). The glued fibers are typically assembled in a
layer-by layer fashion, called plies. The fibers in each ply are usually parallel to each other or are
woven together as in textile. Composites have various design variables available. Some of these
variables are fiber-to-matrix volume ratio, fiber orientation, ply thickness, and ply stacking
2

sequence, and many others. With new variables come new opportunities for manufacturing errors
or imperfections comes into the picture. Some of the very common imperfections are fiber
waviness, poor adhesion between fibers and matrix, poor adhesion between plies, excessive
voids in the matrix, and an improperly cured matrix. Changes in design variables and
accumulated imperfections directly affect the failure of a composite structure. Composite
structures are frequently subjected to external excitations over a variety of vibration frequency
ranges. Such dynamic interference may cause the structures to suffer from fatigue damage and/or
catastrophic failures if the excitation frequency approaches to the natural frequency of the
structures, causing resonances in the structure [Charles and Mark, 2008; Joseph and Alferd,
2006].

A typical composite fails in a sequence of transverse micro-cracking, delamination, and
fiber failure. Polymer matrix composites accumulate damage in a general rather than a localized
fashion, and failure does not always occur by the propagation of a single macroscopic crack. The
micro-structural mechanisms of damage accumulation, including fiber breakage and matrix
cracking, de-bonding, transverse-ply cracking and delamination, occur sometimes independently
and sometimes interactively, and the predominance of one or the other may be strongly affected
by both materials variables and testing conditions [Joseph and Alferd, 2006]. The pie chart in the
Figure 1.2 shows the distribution of failure causes in composite structures. From the pie chart it
can be observed that the majority of the failures in composite structures (about 44%) are caused
because of the defects/imperfections introduced during manufacturing process. Hence, majority
of the failures are caused due to the defects/imperfections introduced during their manufacturing
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stage. These defects/imperfections introduced inside the composite structures during the
manufacturing stages can lead to the loss of the load-carrying capacity of the structure.

Figure 1.2 : Distribution of failure causes in composite structures [Lemanscon et al., 2000]

The loss of load carrying capacity can ultimately result in catastrophic failure of the
structures and can often lead to cascading systems failure. These composite structures with preexisting defects are used in many important aviation and military applications. And it is
practically not possible to make a defect/ imperfections free composite structures. The 28% of
damages in composite structures are introduced during their operation. This might be because of
the local stress/strain levels exceeding the maximum permissible stress/strain levels in those
regions [Lemanscon et al., 2000]. Hence, in order to ensure safe operating conditions it is
necessary to monitor the damage continuously and also to predict the onset of the new damages/
4

defects inside the structures. This can be done using the continuous “Health Monitoring Systems
(HMS)”. Motivated by these needs, considerable effort is being currently directed towards: (a)
development of new and better nondestructive inspection techniques; (b) subjecting the aging
fleet to life enhancement and life extension treatments; and (c) improving the inspection and
maintenance procedures to capture unexpected occurrences.

Nondestructive evaluation (NDE) techniques have been developed to detect internal or
invisible damages inside the structures. Traditional NDE techniques are ultrasonic scan, an eddy
current method, X-ray radiography, an acoustic emission method, and passive thermography.
These techniques are effective in detecting damages in materials and structures, but it is difficult
to use them in operation due to the size and weight of the devices. Using these testing methods
for large area structures is time-consuming and increases maintenance costs. Therefore, there is
strong interest in the development of smart composite structures with integrated sensors which
would allow in-situ monitoring of both the manufacturing processes and service life. Compared
to traditional NDE techniques, embedded sensors offers unique capabilities like, monitoring the
manufacturing process of composite parts, performing nondestructive testing once fabrication is
complete, and enabling the real-time health monitoring and structural control [Bartkowicz et al.,
1996].

The in-service health monitoring system is expected to perform the following functions:
(i) to monitor the integrity of the structure continuously, (ii) to monitor the pre-existing damages,
and (iii) to predict the onset and location of the damages in the structure. The replacement of our
present-day manual inspection with automatic HMS would substantially reduce the associated
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costs incurred on inspection programs and risks of catastrophic failures in a structure.
[Bartkowicz et al., 1996].

1.2 Structural Health Monitoring Using Embedded Sensors

To ensure the integrity of composite structures it is desirable to simultaneously monitor
the strain, temperature, and vibration frequency applied to them in real time. A multi-functional
sensor that can measure multiple parameters would offer significant economic advantages and
end-user appeal. Furthermore, the ability to monitor multiple parameters simultaneously would
be of significant benefit to material and structural engineers. The basic requirements for such
sensors are compactness; large area monitoring capability, minimal electrical interconnection,
easily embeddable, and compatibility with composites and composite manufacturing techniques.

Sensors embedded within the structural materials add intelligence to structures and
enable real-time monitoring at some critical non-accessible locations. These embedded sensors
can be used to gain valuable data for validating or improving designs during the prototype and
testing phase or to obtain information on the performance and structural integrity of functional
components while in service. The capability to obtain such information is important to many
industries. Examples include the aerospace industry (components of jet engines), the power
industry (vessels and pipes), the automotive industry (components of motors), the construction
industry (structural components in buildings), the oil industry (drilling equipment), and the
manufacturing industry (molds, dies, drilling bits, etc.). Optical fibers, strain gauges,
piezoelectric (PZT) sensors, thermocouples, and thin films are some of the common sensors that
were used as embedded sensors for the composite structures applications.
6

There are numerous types of sensors that can be used for structural health monitoring
applications. The three most common smart sensors are Fiber-Optic Interferometers,
Piezoelectric Ceramics, and Strain Gauges. Piezoelectric materials are solids, which generate a
charge in response to mechanical deformation. In addition, when an electric field is subjected to
the material, it deforms mechanically. This allows the piezoelectric materials to be employed in
smart structures as either actuators or sensor. Resistive strain gauges operate on the principle that
there is a change in electric resistance of the gauge when it is subjected to a mechanical
deformation. A strain gauge is made by bending a conduction wire back and forth over a very
small surface that is then bonded to the structure being measured. Strain gauge exhibits a change
in electrical resistance when subjected to strain and this change in resistance is typically
measured using a Wheatstone bridge arrangement. They are small in size and light in weight.
The fiber optic interferometer involves embedding fiber optics into a structure. A device is used
to split a coherent beam of light and transmit the light through the fibers, which are recoupled at
the other end. If there is deformation of the structure, the fibers are deflected, which causes the
length of the optical path to change and produces an interference pattern at the re-coupler. This
interference pattern provides a measure of the structure‟s mechanical strain. Gandhi (1992)
reported that piezoelectric or strain gauge sensors provide local domain information, while the
fiber optic sensor provides an average global measure of the deformation field between two
discrete domains in a structure. It should also be noted that fiber optic sensors are embedded into
structures, which means that this type of sensor will mainly be used for new structures. The
properties of these different sensors are described in the Table-1.1 below. An important
requirement for all these sensors is that it should be possible to embed it into the host composite
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without modifying its properties and functions. The major issues concerned with the embedded
sensors have been discussed in detail the next chapter.

Table 1.1 : Sensor candidates for strain measurement [Gandhi, 1992].
Sensor

Fiber-Optic
Interferometer

Piezoelectric
Ceramic

Strain Gauge

Cost

Moderate

Moderate

Low

Networkable

Yes

Yes

Yes

Embedability

Excellent

Excellent

Good

Linearity

Good

Good

Good

Response

1 – 10,000

1 – 20,000

1 – 500,000

0.11 per fibre

0.001-0.01

2

3,000

550

10,000

300

200

300

Characteristics

Sensivity (Micro-strain)
Maximum Micro-strain
Maximum Temperature (oC)

1.3 Piezoelectric Materials as an Embedded Sensors

Strain gauges are conventional strain/force measuring devices and are mostly used to
measure the static-forces. They come under the category of active sensors, which requires an
external excitation source. The disadvantages of the strain gauges include the cumbersome and
lengthy installation process, low sensitivity (for low level strain domains), and requires signal
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conditioning/amplification and noise cancellation circuitry. Piezoelectric sensors are passive (or
self-generating) sensors and are able to generate their own electrical output signals without
requiring external excitation source. Piezoelectric sensors can be used to measure the dynamicforces (such as oscillation, impact, or high speed compression or tension) acting on a structure.

Piezoelectric materials produce an electrical charge when subjected to mechanical loads.
The application of the force on the piezoelectric material produces a charge separation within the
atomic structure of the material generating an electrostatic output voltage. An undisturbed
molecular model of a piezoelectric material is shown in Figure 1.3(a). Here the gravity centers of
the positive and negative charges of each molecule are arranged so that their respective charges
cancel one another, until a load F is applied as shown in Figure 1.3(b). The applied load causes
the molecular structure to deform, which in turn causes a separation of the positive and negative
gravity centers, resulting in dipoles, which polarize the material as shown in Figure 1.3(c). The
polarized material consists of poles on the inside of the material that face and mutually cancel
each other, while positive and negative poles appear at the surface of the material. The
polarization effect is neutralized by the flow of free charge as shown in Figure 1.3(d) [Arnau,
2004].

Piezoelectric materials have been extensively used in the design of many self-adaptive
smart structures because of their excellent electro-mechanical coupling behavior. The
experimental results of various research groups have confirmed that piezoelectric material can be
effectively used for vibration control, noise suppression, precision alignment control, energy
harvesting, sensing, and for damage detection applications. In these applications PZT ceramics
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are commonly used due to their relatively low cost, high band-width and good actuation
capabilities.

Some of the advantages of piezoelectric sensors are their superior signal to noise ratio,
compactness, they require no signal conditioning circuitry and have very high sensitivity even at
low strain domains, self-excitation (no cumbersome electrical excitation devices are required),
low acoustic impedance, have a broad dynamic response. But the major drawbacks of these
ceramics are their high brittleness and low flexibility, which have blocked their extensive
applications in engineering. In order to overcome this problem piezo-composite transducers were
developed. A typical piezo-composite transducers is made of an active layer (PZT) sandwiched
between two soft thin encapsulating composite layers. Piezo-composite transducers are highly
flexible and can be easily used as an embedded sensor. The piezoelectric fiber composites
sensors (PFCS) comes under the class of piezo-composite transducers, having the active layer in
the form of PZT fibers instead of the sheets of the PZT [Moheimani and Fleming, 2006; Nuffer
and Bein, 2006; Schwartz, 2009]. A more detailed discussion on the piezo-composite transducers
is presented in the Chapter 2 of this dissertation.

A convenient method of modeling piezoelectric elements such that system equations can
be easily developed is to model both the mechanical and electrical portions of the piezoelectric
system as circuit elements. The electromechanical coupling is then modeled as a transformer. An
equivalent circuit for the piezoelectric bender system is shown in Figure 1.4. The equivalent
inductor, Lm, represents the mass or inertia of the generator. The equivalent resistor, Rb,
represents mechanical damping. The equivalent capacitor, Ck, represents the mechanical
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stiffness. Equivalent stress generator (σ), represents the stress developed as a result of the input
vibrations. The parameter n represents the equivalent turn ratio of the transformer. Cb is the
capacitance of the piezoelectric bender. V is the voltage across the piezoelectric device. The
„across‟ variable on the mechanical side of the circuit is stress, σ (analogous to voltage), and the
„through‟ variable is strain rate, S (analogous to current). The transformer represents the
piezoelectric coupling. Transformers are characterized by a turns ratio that relates voltage on one
side to voltage on the other side. In this case, stress on the mechanical side is related to voltage
on the electrical side [Roundy et al., 2004].

(b)

(a)

(c)

(d)

Figure 1.3 : (a) Undistributed molecular model of a piezoelectric material; (b) Molecular
structure subjected to an applied load F at both ends; (c) A polarized piezoelectric
material; (d) Neutralization of the polarization effect by flow of free charge [Arnau., 2004]
11

Figure 1.4 : Equivalent piezoelectric circuit model [Roundy et al., 2004]

1.4 Major Objectives of This Research

The following are the major objectives of this research project:
(i) PFCS Sensor Performance Analysis
Sensor performance characteristics such as: (i) transfer function (relationship between
input dynamic loading and voltage output signal), (ii) sensitivity (ratio between a small change
in voltage output signal to small change input dynamic load) and effect on sensitivity with the
changes in the loading conditions, (iii) nonlinearity (maximum deviation from a linear transfer
function over the specified dynamic range), (iv) resolution (smallest change it can detect in the
input dynamic loading), and (v) noise level are investigated.
(ii) Feasibility of Embedding PFCS in Composite Structures


Stress and Strain Distribution at the Interface
The study of stress and strain distribution across the sensor and composite interface is

important. As the high stress concentrations can lead to the potential weakening of the laminate
strength. Using FEM analysis, the stress and strain distribution across the sensor and composite
interface is studied. This analysis will give an idea about the high stress concentration regions.
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Strength and Integrity of the Composite Structure
The effect on strength and integrity of the composite structure due to embedded sensor is

required to be studied. In-plane tensile, tension-tension fatigue, short beam shear, and flexural
tests were performed to evaluate the changes in strengths/behavior of the composite structure
containing embedded sensor.
(iii) Ability to Monitor Pre-existing Damages
The ability of the PFCS to monitor the pre-existing damages/ defects like cracks and
delamination are investigated.
(iv) Ability to Detect Damages
The ability of the PFCS to detect damages while in service is investigated. The damage
detection methods using PFCS is explored.

1.5 Project Timeline and Funding

The work in this dissertation is a sub-section of the three-year research project entitled
“Smart Adhesively Bonded High-Performance Joint for Composite Structures” funded by
NASA-EPSCOR under contract no. NASA/LEQSF (2007-10)-PHASE3-01. The goal of this
project is to provide NASA with durable, reliable, and intelligent adhesively bonded composite
joints, and enhance NASA missions as well as related research infrastructure. In particular, the
research objectives are to: (i) self-adaptively reduce peel/shear stress concentrations at the
adhesive bondline, (ii) self-monitor, self-control, and self-heal the composite joint system in-situ,
and (iii) extend the service life of aged/aging aircraft. The two self-adaptive mechanisms to
reduce the adhesive stress concentrations were proposed: (i) produce a force that counterbalances
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the applied load and (ii) adjust the stiffness of the adhesive in the regions (stress concentrated
regions).

To realize these mechanisms, piezoelectric layers are integrated into the adherents and a
functionally graded smart adhesive will be employed. The adhesive will be functionally graded
along the bond-line (perpendicular to the thickness direction), i.e., the carbon nanotube
reinforced regular adhesive will be used in the central region, while carbon nanotube shape
memory polymer will be used in the end regions. The function of piezoelectric layer is to sense
deformation and create a counterbalancing force by actuation. The carbon nanotubes will
enhance adhesive strength and modify the adhesive to become a thermal/electrical conductor.
Shape memory polymer adhesive will adjust the stiffness by phase change and will self-heal the
manufacturing defects. It is expected that the piezoelectric and shape memory layers will reduce
the stress concentrations step by step towards the ideal or uniform stress distribution at adhesive
bondline.

Piezoelectric material‟s sensing and actuation characteristics play a pivotal role in the
proper functioning of Smart Adhesive Joint; the major work on the piezoelectric materials has
been carried out in this sub-part of research work. Especially, this dissertation is focused on the
sensing characteristics of the piezoelectric materials and on using the sensing characteristics for
health monitoring application for composite structures.

14

1.6 Dissertation Organization

Chapter 1 of this dissertation begins with the brief introduction to the composite
structures and the significance of embedded sensors for the composite structures application is
explained in detail. Then a brief introduction about the basics of the piezoelectric materials is
presented. The major objectives of this research work on PFCS are also included. PFCS are the
main focus of this research work, hence Chapter 2 is totally devoted on the basics of the PFCS.

Chapter 3 presents a critical literature review on the embedded sensors for composite
structures application. Before using the PFCS for actual embedded sensor applications it is
important to understand the sensor characteristics of these sensors. Hence Chapter 4 presents the
details of experiments performed to study the sensor performance characteristics.

Chapter 5 explains finite element simulation work conducted to predict the stress/strain
concentrations induced by the integration of PFCS in the composite structures. The experimental
work conducted to investigate the effect of embedded PFCS on mechanical properties of the
composite structures is presented in Chapter 6 and 7. Chapter 8 presents the detail discussion
on the experiments conducted on damage detection and stress monitoring techniques used for the
composite structures. The conclusions and recommendations for the future work for this research
work is presented in Chapter 9.
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CHAPTER 2 : INTRODUCTION TO PIEZOELECTRIC COMPOSITE TRANSDUCERS

2.1 Piezo-Composite Transducers

The high brittleness, low flexibility and low tensile strength of piezoelectric ceramics
have blocked their extensive application in engineering field. Due to high brittleness, the
piezoelectric ceramics cannot withstand bending loads and also, it exhibit poor conformability to
curved surfaces. Over the last 20 years, piezo-composite materials have been developed to
overcome these problems by combining piezo-ceramics with passive non-piezoelectric materials.
A typical piezo-composite transducers is made of an active layer (piezoelectric ceramic)
laminated between the two soft thin encapsulating composite layers (sheets of polymer printed
circuitry) as shown in Figure 2.1. Superior properties have been achieved by these composites by
taking advantage of the most profitable properties of each of constituents and great varieties of
structures have been made. This provides the much robustness, reliability, and ease of use. The
electrodes of the piezo-composite transducers can be of two types: (i) continuous electrodes, and
(ii) interdigitated electrodes. Figure 2.2 and 2.3 shows the electric field distribution across the
piezoelectric layer for continuous and interdigitated electrodes. Piezo-composite transducers are
highly flexible and can be easily used as an embedded sensor [Ping and Liyong, 2001,
Deraemaeker et al., 2007, and Deraemaeker and Nasser, 2010].

The piezoelectric fiber composite sensor (PFCS) comes under the category of piezocomposite transducers, which are manufactured by embedding piezoelectric fibers into a
composite matrix along one specific direction. However, the preparation process for such a
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structure is delicate and time consuming because of the necessity of handling large numbers of
fragile ceramic fibers. The PFCS will be an ideal choice for many of composite structures
application, as they are highly flexible, easily embeddable; their high compatibility to the
composite manufacturing techniques, and more importantly, it is expected that they will produce
less interfacial stresses when embedded inside the composite structures [Ping and Liyong, 2001].

Two PFCS Macro-Fiber Composite (MFC-2807-P2 from Smart Materials Corp.) and
Piezoelectric Fiber Composite (PFC form Advanced Cerametrics Inc.) were selected for this
research. MFC and PFC are made from piezoelectric ceramic fibers of rectangular and circular
cross-sections respectively, sandwiched between two sets of interdigitated electrodes (IDE). The
following Figure 2.4 and 2.5 give the construction details of the MFC and PFC products with
interdigitated electrode layers.

Composite Polymer
Layers

Figure 2.1 : Piezo-composite transducers with surface electrodes
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Figure 2.2 : Uniform electric field distribution across the piezoelectric material due to
continuous electrodes

Figure 2.3 : Electric field distribution across the piezoelectric material due to continuous
electrodes
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Figure 2.4 : The schematics of MFC

Figure 2.5 : The schematics of PFC
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2.2 Constitutive Equations

The constitutive equations for an orthotropic piezoelectric material, using the standard
IEEE notations for linear piezoelectricity is given by [Ping and Liyong., 2001 and Deraemaeker
and Nasser., 2010]:

(2.1)

(

)

](

[

)

where, CEij are the elastic constants, 𝜺Sij are the dielectric constants, eij are the strain constants, Ei
and Di are the components of the electric field vector and the electric displacement vector
respectively, and Ti and Si are the components of stress and strain vectors, defined according to:

;
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(

)

(2.2)
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2.1.1 d31- Piezo-composites
For d31–piezo-composites, the poling direction (conventionally direction 3) is normal to
the plane of patches and according to plane stress assumption (T3 = 0). The electric field is
assumed to be aligned with the polarization vector (E2 = E1 = 0). The constitutive equations (2.2)
reduce to:

(2.3)

(

)

](

[

)

where the superscript * denotes the properties under the plane stress assumption (which are not
equal to properties in 3D). The constitutive equations can be written in a matrix form, separating
the mechanical and electrical parts:
(2.4)
(2.5)

2.1.2 d33-Piezo-composites
For d33-piezo-composite, although the electric field lines do not have a constant direction.
When replacing the active layer by an equivalent homogeneous layer, consider that poling
direction is along the fiber axis, and that the electric field is in the same direction. With this
reference frame, the plane stress hypothesis implies that T1=0. The constitutive equations (2.2)
reduce to:
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(2.6)

(

)

](

[

)

For both types of piezo-composites matrix CE* is a function of the longitudinal (in the
direction of fibers) and transverse in-plane Young‟s moduli (EL and ET), the in-plane Poisson‟s
ratio μLT, the in plane shear modulus GLT and the two out-of-plane shear moduli GLZ and GTZ.
Matrix [e*] is given by:
(2.7)
where,
[ ]

[

]

(for d31-piezo-composites)

(2.8)

and
[ ]

[

] (for d33-piezo-composites)

(2.9)

To express the homogeneous constitutive equations for material made of two constituents
can be performed by defining a small volume representative of the microstructure of the material
called a representative volume element, and average values of TI, SI, Di, and Ei are to be used in
equation (2.1). The average values of TI, SI, Di, Ei defined as (I= 1….6, i=1…3) [Ping and
Liyong., 2001; Deraemaeker and Nasser., 2010]:
(

)

∫

(2.10)
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)

∫

(2.11)
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(2.12)

(
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∫

(2.13)

where V is the volume of the representative volume element. By using the above set of the
equations, the homogenized properties (stress, strain, electric field, and electric displacement
vectors) of the piezo-composite transducers can be evaluated, which is important for the
numerical and analytical characterization of these materials.

2.3 Analytical Expression for Voltage Output Signal Generated from Piezoelectric Sensors

This section is focused on deriving the analytical expression for the voltage output signal
generated from the piezoelectric sensor. This general analytical expression relates the generated
electric charge, the open electric voltage, and generated energy to the applied mechanical input
excitations. The dependence of charge, voltage, and energy sensitivities on various geometric
and material property parameters was examined.

A 31-mode unimorph cantilever beam made of piezoelectric material is shown in the
Figure 2.6. In the 31-mode case the piezoelectric material is poled along the 3-axis and
electrodes are placed on the surfaces perpendicular to axis-3. Driving vibrations are assumed to
exist only along the 3-axis. The piezoelectric materials will experience a one dimensional state of
tensile stress along axis-1. Under this stress state the electrodes of the upper piezoelectric layer
are connected to have positive electric field.
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Z (3)

X (1)

Figure 2.6 : 31-Mode unimorph piezoelectric cantilever beam

Z (3)

X (1)

Figure 2.7 : The neutral axis for the cantilever beam

The constitutive equations for a linear piezoelectric material in reduced matrix can be
expressed below:
(2.14)
(2.15)
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where 𝞮1 is the strain along the axis-1, σ1 is the stress,

is the elastic compliance constant for

constant electric field, d31 is the piezoelectric constant in the 31 mode, E3 is the electric field
strength, 𝜺

is the permittivity of the piezoelectric at a constant stress, and D3 is the electric

charge density.

The neutral axis of the beam,
(2.16)
From the Figure 2.6, the moment at an arbitrary coordinate x along a cantilever beam with a
given length L can be expressed by:
(

)

∫

(2.17)

Strain along direction 1 in terms of radius of curvature (ρ) can be expressed by:
(

)=

(

)

(2.18)

On substituting above strain equation in piezoelectric constitutive equation (2.15), we get:
(2.19)
(

)=
[(

(2.20)
(

)]

)) + (

(2.21)

Substituting the above stress value from equation (2.21) in the moment equation (2.17):
∫ ∫

∫ ∫
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From above equation (2.24), the radius of curvature (ρ) can be expressed by:
[(
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(2.25)

The above equation (2.25) gives the radius of curvature of the beam in terms of applied
mechanical force and electric field.
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The total energy stored in a small volume dv of piezoelectric cantilever beam is the sum of the
mechanical energy and the electric field induced energy.
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Thus the total energy of the piezoelectric cantilever beam can be obtained by integrating over the
volume of the whole structure:
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The electric field (E3) is given by the expression:
(2.30)
where V is the voltage across the electrode, t is the thickness of the piezoelectric layer.

Replacing the electric field E3 with the above equation (2.30) in total energy (U) equation (2.29),
we obtain:
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(2.31)

The expression for the charge generated can be obtained by differentiating total energy (U) w.r.t
V (voltage)

(2.32)
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The above equation (2.33) is the general charge output equation when both the external moment
(M) and electric field (E3) work is applied.

The charge generated from only mechanical force/moment is:
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(2.34)

The open circuit capacitance from the relation (Q = C V) is:
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The voltage output generated due to mechanical force/moment is given by the expression:
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Replacing the moment M = F L in the above expression (2.37):
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Equation 2.38 shows the expression for the voltage output generated due to input
mechanical force/moment. From the above expression it can be observed that voltage output is
directly proportional to the applied mechanical force/moment. It is also dependent on the
geometrical parameters (length (L), width (w), and thickness (t)) and also on piezoelectric
material constants (dielectric permittivity, piezo-constant, and elastic compliance).

2.4 Conclusion

In this chapter the basic introduction to the piezo-composite transducers is presented. The
configuration and construction details of these transducers have been discussed in detail. An
analytical expression is derived to understand the relationship between the sensor output voltage
and input mechanical force/moment. A detailed literature review on various issues regarding the
embedded sensors has been discussed in next chapter.
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CHAPTER 3 : LITERATURE REVIEW ON EMBEDDED SENSORS

3.1 Introduction

In recent years considerable efforts have been made to monitor the health of composite
structures during their in-service operating conditions. To ensure the integrity of composite
structures, it is desirable to simultaneously monitor the parameters like stress/strain, temperature,
and vibration frequency applied to them in real-time operating conditions. The concepts of using
embedded sensors have been proposed, and these embedded sensors could provide important
local domain information inside the composite structures. A multi-functional sensor that can
measure multiple parameters would offer significant economic advantages and end-user appeal.
Furthermore, the ability to monitor multiple parameters simultaneously would be of significant
benefit to material and structural engineers. An important requirement for such embedded sensor
is that it should be easily embeddable inside the host composite structure without modifying its
original properties and functions.

Sensors embedded within the structural materials add intelligence to structures and
enable real-time monitoring at some critical non-accessible locations. These sensors can be used
to gain data for validating or improving designs during the prototype stage or to obtain
information on the performance and structural integrity of functional components while in
service. The capability to obtain such information is important to many industries. Examples
include the aerospace industry (components of jet engines), the power industry (vessels and
pipes), the automotive industry (components of motors), and the construction industry (structural
components in buildings), the oil industry (drilling equipment), manufacturing industry (molds,
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dies, drilling bits, etc.). Due to advances in micro-electronics industry sensors and chips of
micro-level dimensions are possible, which require less operating power, and have increased
processing and functionality. Optical fibers, strain gauges, piezoelectric sensors, thermocouples
and thin films are some of the common sensors that were used as embedded sensors for the
composite structures applications. The basic requirements for such sensors are compactness;
large area monitoring capability, minimal electrical interconnection, easily embeddable, and
compatibility with composites manufacturing techniques.

3.2 Literature Review on Embedded Sensors for Composite Structures

Embedding sensors inside the composite structures brings out some of the major
structural integrity concerns like the reduction in load carrying capability, structural life, and
strength of the structure. The presence of such inclusions causes material and geometrical
discontinuities inside the host structure. These discontinuities are responsible for unwanted high
stress/strain concentration domains, which can lead to the reduction of overall structural stiffness
and performance. The high inter-laminar stresses can also arise at and near the discontinuity
region and can also occur in the interface region between the sensor and the composite material.
Hence, with respect to structural performance, the effects of the embedded sensors on the host
structure may be object of concern. Many experimental studies have been conducted to assess
the strength and failure modes of composite materials with embedded devices such as silicon
chips, piezoelectric sensors, thermocouples, strain gauges, and fiber optics. To emphasize the
importance of these studies a brief critical review of the literature which includes the first
historical and significant contributions in this area is studied. These significant contributions are
summarized in Table-3.1.
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Hansen and Vizzini (2000) studied interlacing techniques to improve the static strength
and fatigue life of AS4/3501-6 graphite/epoxy prepregs composite laminates with glass slides.
Warkentin and Crawley (1991), Warkentin and de Luis (1987) found that embedding piezoceramics and silicon chips inside the glass/epoxy and graphite/epoxy composite laminates
reduces the strength. Mall and Coleman (1998) characterized the monotonic tensile and fatigue
loading behavior of smart structures with embedded PZTs. Murri (2006) studied the effect of
embedded piezoelectric sensors on fracture toughness and fatigue resistance of composite
laminates under mode I loading condition. Singh and Vizzini (1994) analyzed the inter-laminar
stress state around an interlaced, active piezo-ceramic actuator around within a unidirectional
composite laminate. From their study it can be concluded that interlacing technique increases the
strength of the composite structure with embedded actuators by redistributing the load around the
inclusion and the host-inclusion interface. Ghezzo et al., (2010) observed the micro-crack
initiation within S2 glass-epoxy laminates with embedded dummy sensor under quasi static
tensile loading conditions.

Several research groups conducted numerical studies to understand the effects of
embedded sensors on the failure mechanisms of the composite laminates. Dasgupta et al.,
(1992) have used the Rayleigh-Ritz method to investigate the effect of the geometry of resin-rich
region on the stress/strain concentrations around the fiber optic sensors embedded in laminated
composites. Levin and Nelso (1999) performed finite element analysis to determine the local
stress field in a tensile composite specimen with embedded Extrinsic Fabry-Perot Interferometer
(EFPI). From their study it can be concluded that the sensor-coating and the coating-composite
interfaces are the sites where failure is initiated due to the stress concentration caused by the
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cavity in the EFPI sensor. Eaton et al., (1995) have analyzed the stress and strain concentrations
in and around an optical fiber embedded in composite laminates. Shivakumar and Bhargava
(2005) have studied the effect of an eye-shaped resin pocket defect produced by embedding fiber
optic sensor perpendicularly to the reinforcing fiber in their finite element study using a local
element coordinate system parallel to the distorted fibers. Based on the computed stress
concentration factors and residual curing stresses, the fracture stress, was calculated using the
maximum stress criterion. Their results indicate that, under tensile loading the initial failure
occurs by transverse matrix cracking at the resin pocket root. Chow and Graves (1992)
investigated the stress and displacement fields near a soft rectangular implant in a composite
laminate. By reviewing these experimental studies, it is clear that embedded sensors do affect the
strength of the host structure and embedding technique plays an important role. The strength
reduction of the host structure and the damage mechanisms need to be quantified and further
investigated. These observations are of fundamental importance for material design
considerations and final application of safe and reliable components.

Figure 3.1 gives information on the location of discontinuity regions, created due to the
embedded sensors. Figure 3.2 shows the formation of micro-cracks, de-bonding, and voids near
the integrated sensor region after the loading test. Figure 3.3 shows the local and global strain
and stress contours developed inside a composite laminate structure because of embedded
sensor. These high stress and strain gradient regions near the embedded sensor area can be the
potential site for failure initiation. The common composite damages like delamination and crack
formation can initiate in these high stress concentrations regions (Figure 3.2). Figure 3.4 (a)
shows a plot of the normalized x distribution along the x-axis. It is observed that at the root of
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sensor resin pocket, x jumps because of the changes in material stiffness. The variation of y
along x axis is shown in Figure 3.4 (b). A steep gradient in y stress is observed near the fiber
optic and resin interface, which is an indication of singularity existence. These abnormal changes
in the stresses can cause the interfacial cracking in the composite structure [Kunigal et al., 2004].
From these studies it is clear that introduction of sensors inside a composite structure develops
abnormal stress concentrations. These high stress concentrations can have a devastating effect on
the integrity and performance of the structures. Hence there is a strong requirement of a sensor
which is very compact, easily embeddable, compatible with the composite materials, develops
less stress concentration levels, and is compatible with composite manufacturing techniques.
Piezoelectric fiber composite sensors will be an ideal choice for such embedded sensor
applications. The major advantages of PFCS sensors are high flexibility, can be easily
embeddable, compactness, and their compatibility with the composite materials. The interfacial
stresses and stress concentration levels developed due to the material discontinuity is expected to
be reduced significantly on using PFCS as an embedded sensor.
Discontinuity region

Discontinuity region

PZT
Optical Fiber

Figure 3.1 : The creation of discontinuity region in the composite structure due to
embedded sensor [Kunigal et al., 2004; Huang et al., 2007]
42

Table 3.1 : List of some significant experimental contributions on the evaluation of the
effects of integrated devices on the structural integrity of composite materials

Embedded Sensor

Authors

Host Structure

Main Conclusions

Silicon chip
circuits

Warkentin and
Cawley (1991)

Graphite/epoxy
composite

15% reduction in material
strength (no changes in inplane mechanical
properties).

Thermocouple

Kim et al (1992)

Quasi-isotropic fiberite
T300/976 or fiberite
APC-2

Negligible effect on strength
in uniaxial compression and
3-pt bending

Strain gauge

Kim et al (1992)

Quasi-isotropic fiberite
T300/976 or fiberite
APC-2

Negligible effect on strength
in uniaxial compression and
3-pt bending

Interlacing results in 42%
reduction of the maximum
inter-laminar tensile stress
and a 22% reduction of the
maximum inter-laminar
shear stress.

Singh and
Vizzini (1994)
AS4/3501-6 graphite/
epoxy laminates.

Simulated actuator
(glass slice device)

(Static tension and tensiontension fatigue of interlaced
materials with devices) 33%
reduction of strength;
endurance is improved;
damage initiation delayed
with respect to the use of
cut-out methods.

Hansen and
Vizzini (2000)
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Holl and Boyd
(1993)

Fiber Optic

Sirkis and Singh
(1994)

Shivakumar and
Emmanwori
(2004)

Mall and
Coleman (1998)

Paget and Levin
(1999)
PZT sensor device

Mall and Hsu
(2000)

Unidirectional and quasi
isotropic graphite
laminates

Graphite composite
laminates.

Unidirectional
AS4/3501-6 carbon
/epoxy laminates (0, 30,
45, 60, 90◦ fiber optics
sensors oriented w.r.t
fibers direction).

Quasi-isotropic
AS4/3501-6 graphite
/epoxy laminates.

Quasi-isotropic graphite/
epoxy laminates.

AS4/3501-6
graphite/epoxy
laminates (sensor
integrated with cut-out
methods).
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Failure does not initiate near
the fiber-optic sensor. The
transverse strength is
reduced.
Optical microscopy and
Moir´e interferometry
shows no perturbation in the
strain state of material with
embedded sensor. Material
lay-up and its thickness
influence results.

10% reduction in tensile
strength and 40% decrease
in compressive strength.

4% reduction in strength
and Young‟s modulus. No
degradation in fatigue life.
Embedded PZTs maintain
steady output (if cycled
mechanically within their
operational strain limits).
No effects on the strength
and the failure modes.

Fatigue of active PZT
specimens cycled at
different maximum stress
levels while exciting the
embedded actuator from
−10V to −100 V or 10V to
100V(Frequency = 10 Hz
and Stress Ratio R = 0.1).
Embedded PZT performed
better in the out-of-phase
than in-phase conditions.

Mall (2002)

Ghasemi-Nejhad
et al (2005)

SMART layer: thin
flexible dielectric
film, (printed
circuit material
with piezoelectric
on it).

Lin and Chang
(2002)

Quasi-isotropic
AS4/3501-6
graphite/epoxy
Laminates (sensor
integrated with or
without cut-out method).

Plain weave
carbon / epoxy material.

Composites made
with RTM methods.

Tensile strength and
Young‟s modulus not
affected using the two
embedding techniques. No
degradation in the fatigue
life.

(1) Cutout holes, (2)
molded-in holes, (3)
embedding techniques.
Manufacturing, durability,
dynamic, and structural
performance of embedded
materials are optimal if
materials with devices are
made with method (3).

The SMART layer does not
affect noticeably the
strength of the host
composite structure, nor
promote delamination in 3
point bending tests.

Figure 3.2 : The formation of micro-cracks, debonding and voids near the device integrated
region after the loading test [Ghezzo et al., 2010]
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SENSOR

SENSOR

STRESS CONTOUR

STRAIN CONTOUR

Figure 3.3 : The local and global strain and stress contour across the composite laminate
with embedded sensor [Bhargava et al., 2004]

(a)

(b)

Figure 3.4 : (a) The variation of σx along the length of composite (x-direction), (b) The
variation of σy along the length of the composite (x-direction) [Kunigal et al., 2004]

3.3

Conclusion

This chapter presents a detailed discussion on the major issues regarding the embedded
sensors. A detailed discussion on the literature review on experimental and theoretical work
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done in this area is presented. The experimental work conducted to study and understand the
sensing behavior of the PFCS is presented in the next chapter.
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CHAPTER 4 : SENSOR CHARECTERIZATION OF PIEZOELECTRIC FIBER
COMPOSITE SENSORS (PFCS)

The presence of damage/failure in a component of structure causes abnormal changes in
the stress/strain levels and dynamic parameters of structure, hence if these parameters were
monitored continuously in the damage prone areas using highly sensitive embedded sensors, then
catastrophic failures can be avoided. In this chapter the sensitivity of the PFCS to detect changes
in these parameters is tested. The information provided in sensor data sheet was not sufficient to
get a clear understanding of the sensor characteristics of these products. Hence, carefully planned
experiments are conducted to get a clear understanding of the sensing behavior of PFCS.

The sensing capabilities of the two PFCS (MFC and PFC) in response to dynamic loads
of various displacement amplitudes and frequencies were investigated. Dynamic Mechanical
Analyzer (DMA- TA Instruments 2980) was used to provide required dynamic loading inputs to
sensors. Figure 4.1 illustrates the details of experimental setup. PFCS is mounted on DMA
clamps, one end of the PFCS is fixed with one of the clamps and the other end is screwed on to
the top of the movable shaft, which is located at the center of the clamp. The movable shaft of
the DMA is used to provide the required excitation frequency and input strains. Two different
types of loads were imposed on the piezoelectric materials: (i) bending load (using dual
cantilever clamp) and (ii) tensile loads (using tensile clamp) using DMA machine. Voltage
output response of sensors in response to various levels of applied strain (along transverse and
longitundal directions) is recorded using data aquisition interface. A data acquisation module has
been created by using LabVIEW software (from National Instruments) to record and observe the
voltage ouput signals form the piezoelectric materials on the computer. On analyzing the voltage
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output response for various input strain levels provides an in-depth understanding of sensor
capabilities which are to be utilized for structural health monitoring and damage detection
applications. Sensor output response due to impact loads is also studied. The effect of the
external load resistance on the output response of the PFCS has been investigated. The
performance of the PFCS has been compared with the conventional strain gauges in the last
section of this chapter [Konka, Wahab and Lian, 2009].

PFCS mounted on
DMA clamps

DMA
DAQ

EXPERIMENTAL SETUP

Dual cantilever clamp

Sample

Tensile clamp

Fixed
Clamp

Sample

Fixed Clamp

Fixed Clamp
Movable Clamp

Movable Clamp

Figure 4.1 : Experimental setup and DMA clamps used for the test
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4.1 Experimental Results and Discussions
The experimental setup described in the previous section has been used to record the
voltage output response of sensors subjected to dynamic loading at various input frequency and
strain levels. The output voltage has been divided by the volume of the original piezoelectric
material present in each product, which will allow output voltage for each product to be
compared with each other.

Two types of curves (constant frequency and constant strain curves) have been obtained
for each sensor, to understand the sensitivity of these materials under various loading cases. The
constant frequency curves describe the ability of sensors to detect changes in strain levels when
frequency of input dynamic load is kept constant, whereas constant strain curves illustrates the
ability to detect changes in frequencies of input dynamic loads when strain level is kept constant.
Typical voltage output responses of MFC sensor at 15 Hz frequency and various input
displacement amplitudes of dynamic load is presented in Figure 4.2. In voltage output response
plots (Figure 4.2), number of cycles corresponds to input frequency of dynamic load and
amplitude of voltage response corresponds to magnitude of input strain/force. It was observed
that with increase in amplitude of input displacement, there is an increase in amplitude of sensor
output voltage signal. Hence amplitude of voltage output response of the PFCS is directly
proportional the input mechanical strain/force.
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Figure 4.2 : The typical output response of the MFC sensor at 15 Hz frequency and various
displacement amplitudes

4.1.1 Results from Transverse/Bending Vibration
The sensing capability of PFCS for input transverse vibration loading has been
investigated. The bending strains (within the elastic limits) are applied on sensors and response
for various input frequencies and strains have been recorded. Constant frequency and strain
curves have been obtained for MFC and PFC sensors. Figure 4.3 gives loading configuration
details. This configuration is similar to the configuration of the cantilever beam made of PFCS
sensor where load is applied at the edge of the beam. The PFCS sensor is fixed at one and the
other end is fixed to the moveable shaft of DMA, which helps in applying the desired strain or
force on sensor.
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Force
PFCS

Figure 4.3 : Bending load on the PFCS

4.1.1.1 Constant Frequency Curves (Bending Strain)
Plots in the Figure 4.4 show constant frequency curves for PFC and MFC respectively.
Peak to peak voltage output has been recorded at various levels of bending strains while
maintaining input loading frequency constant. From these plots we can conclude that voltage
output has a linear relationship with applied input strain; as frequency of input vibration is
increased, there is an increase in the slope of voltage vs. strain curves.

These sensors produced detectable and good quality output voltage signals in response to
this type of loading conditions without any pre-amplification circuit even at a low level strain
domain (0.003 to 0.05 %). Figure 4.5 shows relationship between sensitivity (mV/Strain) and
frequency of input dynamic load. It is evident from this plot that the sensitivity to detect the
strain level is dependent on frequency of input dynamic load. It is observed that sensitivity has a
linear relationship with input frequency of dynamic loads. MFC and PFC show similar kind of
behavior (sensitivity vs. frequency).

4.1.1.2 Constant Strain Curves (Bending Strain)
Plots in Figure 4.6 show constant strain curves for PFC and MFC respectively. Constant
strain curve shows response of these sensors to changes in input dynamic loading frequency
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when input strain levels are kept constant. Voltage output response has been recorded at various
frequencies of input dynamic loading at constant strain levels.

A linear relationship has been observed between input frequency and output voltage
response. Slope of constant strain curves was found to be increasing with increase in input strain
levels. From Figure 4.7, it can be observed that sensitivity (mV/Hz) (ability of sensors to detect
changes in frequencies of input dynamic loads) is dependent on amount of input strain levels. It
was observed that sensitivity has almost a linear relationship with changes in input strain levels
and it increases at a constant rate with increase in strain level. From the plot it is evident that at
higher strain level there is higher sensitivity.

5Hz

7

(a) PFC
Voltage output per unit volume of the
piezoelectric material (mV/mm3)

Voltage output per unit volume of the
piezoelectric material (mV/mm3)
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Figure 4.4 : Output voltage/volume of piezoelectric material vs. Strain (%) at different
frequencies of transverse vibrations (Constant Frequency Curves) for: (a) PFC and (b)
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Figure 4.6 : Output voltage/volume of piezoelectric material vs. Frequency (Hz) at various
transverse strain levels (Constant Strain Curves) for: (a) PFC and (b) MFC
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Figure 4.7 : Sensitivity (mV/Hz) vs. strain (%) for MFC and PFC

4.1.2 Results from Longitudinal Vibration
This section discusses results of longitudinal input loading (Figure 4.8), where strains are
applied along the axis of sensor and voltage responses for various input frequencies and strain
levels are recorded. Constant frequency and strain curves are obtained, as done in previous
section (4.1.1). PFCS is fixed at one and other end is fixed to a moveable shaft of DMA, which
helps in applying the desired strain or force on sensor.

Force
PFCS

Figure 4.8 : Longitudinal loading case on the PFCS
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4.1.2.1 Constant Frequency Curves (Tensile Strain)
Plots in Figure 4.9 show constant frequency curves in response to input strains applied in
longitudinal direction. These plots show ability of sensors to detect changes in strain levels when
frequency of input dynamic load is constant.

A linear relationship has been observed between sensor voltage output responses and
applied input strain when frequency of input dynamic load is kept constant. Figure 4.10 shows
effect on sensitivity (mV/Strain) vs. frequency (Hz) plot for both sensors. From plot it can be
concluded that sensitivity has a linear relationship with changes input frequency of dynamic
load. And sensitivity increases at a constant rate with changes in input frequency.

4.1.2.2 Constant Strain Curves (Tensile Strain)
Plots in the Figure 4.11 show constant strain curves for longitudinal input strain. Results
show, in general, that amplitude of voltage output response increases with increase in input
frequency level; and increase in input strain levels increases slope of voltage vs. frequency curve.

These curves show capability of these products to detect the changes in the frequency of
input dynamic loading when input strain levels are maintained constant. Figure 4.12 shows effect
on sensitivity (mV/Hz) of sensors to changes in strain levels. It is observed that sensitivity
increases at a constant rate with increase in strain levels. This behavior indicates their
effectiveness to detect changes in strain levels.
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Overall from these sensing characterization experiments following major conclusions can
be drawn out about PFCS:


They are highly sensitive to the changes in stress/strain levels (sensor output response
have linear relationship with the input stress/strains).



They are highly sensitive to the changes in the input frequencies (sensor output
response have linear relationship with the input frequency of loading), hence can
effectively detect changes in dynamic loadings.



Healthy voltage output response has been observed from them without use of preamplification circuit, even at micron level strains.



Sensitivity (mV/Strain) to detect changes in the strain levels is highly dependent on
the frequency of input dynamic loading (linear relationship observed).



Sensitivity (mV/Hz) to detect changes in the frequency levels is dependent on the
strain/amplitude of input dynamic loading (linear relationship observed).

Hence PFCS can be an ideal choice for embedded sensor application in composite structures.

4.1.3 Response to Impact Loads
Figure 4.13 gives the details of experimental setup used for investigating response of
sensors w.r.t various levels of impact loads. Sensor was glued on to the base structure and
various masses were dropped on sensor to impose the impact energy of various levels. Voltage
output response corresponding to each impact energy level was recorded through data acquisition
software on to computer. PVC pipe helps to guide mass to fall on a particular area of the sensor.
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Different masses were dropped (guided through PVC pipe) on to sensor and their
corresponding voltage output response has been recorded. Figure 4.14 shows typical output
response of sensor due to impact load. A sharp peak is observed in the plot due to impact load.
Plots in Figure 4.15 show relationship between sensor voltage output response and applied input
impact energy. The sensitivities for both MFC and PFC sensors were found to be 4.51 and 6.4
volts/joule respectively. A linear relationship has been observed between applied input impact
energy and voltage output response produced by the sensor.

Mass
PVC Pipe

DAQ

PFCS

Base structure

Figure 4.13 : Experimental setup to investigate the response of PFCS w.r.t impact loading
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Figure 4.15 : Voltage output response vs. impact energy
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4.2 Effect of External Load Resistance on the Output Signal of PFCS

Main objective of this experiment is to investigate the effect of external load resistance
on sensor output signal. Figure 4.16 gives the details of the equivalent circuit model with
external load resistance for the piezoelectric material. Figure 4.17 gives the details of the
experimental setup used for this test. PFCS was mounted on the DMA machine clamp and output
of the sensor is connected across an external load resistance. DMA machine is used as an input
vibration energy source for the PFCS. Plots in Figure 4.18 show the effect of external load
resistance on the output signal of PFC and MFC sensor. Sensor output signal increases with the
increase in external load resistance. This phenomenon can be used for a case where output signal
is of very low strength, and sensor signal needs to be amplified.

Figure 4.16 : Piezoelectric circuit model with external load resistance [Sodano et al., 2005]
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Figure 4.17 : Experimental setup
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Figure 4.18 : Effect of external load resistance on the sensor output signal of PFC and MFC
at 100 microns displacement amplitude

4.3 Performance Comparison with Conventional Strain Gauges

In this experiment the performance of PFCS is compared with conventional strain
gauges. Figure 4.19 gives details of experimental setup. Aluminum cantilever beam (L=30.48 cm
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long, w= 5.08 cm, and t = 0.3175 cm) is used for this study. Movable screw at top is used to
displace the tip of cantilever beam. Piezoelectric sensors (MFC, PFC, and Quick Pack (QP)) and
strain gauges were placed on the top of the beam at a distance of 12.94 cm from the fixed end.
When screw is removed from a displaced beam, the beam will vibrate and return to its original
shape. However, the inertia of the beam will cause the beam to vibrate around initial position.
And voltage output signal from PFCS and strain gauges is recorded using the HP 54603B
Oscilloscope.

Strain

Movable Screw

gauges
Strain gauges
connected to full
bridge circuit

Aluminum cantilever beam

Figure 4.19 : The Al cantilever with strain gauges mounted on it

The strain gauges are arranged in a Full-Bridge Circuit configuration. Output of the
bridge circuit is connected to signal condition box to amplify the signals from strain gauges. The
beam material is aluminum with density 2750 kg m-3 and Young‟s modulus E =90 GPa.
Theoretically, first three natural frequencies are f1 = 31.673 Hz, f2 = 197.99 Hz, and f3 = 554.52
Hz. The tip of cantilever beam was displaced to a certain value (approximately 1.0 inch (25.4
mm)) and then suddenly released as the beam entered in free vibration. The channels of the
oscilloscope were connected to PFCS to record electrical signals generated through piezoelectric
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coupling between the mechanical vibration and electrical field. Fourier transform was used to
analyze the frequency contents of the signals, which should correspond to natural free vibration
frequencies of cantilever beam. Table-4.1 shows values of the natural frequencies obtained from
output signal of different PFCS and strain gauges. Natural frequencies obtained from PFCS
output signal are close to theoretically calculated values. Hence they can be effectively used to
investigate the dynamic parameters of structure. Defects or damages in structures can change the
stiffness and mass of structure, changes in stiffness and mass will change dynamic parameters of
structure. Hence by monitoring dynamic parameters of structure, integrity of structure can be
monitored continuously. Figure 4.21 compares the voltage output response of the piezoelectric
sensors with conventional strain gauge for various levels of displacement of cantilever beam.
Plots clearly demonstrate that piezoelectric materials have better sensitivity and output response
when compared to strain gauges. MFC and PFC show the similar kind of behavior as both are
piezoelectric fiber products.

QP
Strain
Gauge

Al Cantilever Beam

PFC
MF
C

Figure 4.20 : Piezoelectric sensors and strain gauges mounted on the Al cantilever beam
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Table 4.1 : The first two natural frequencies of the cantilever beam after fast Fourier
transform analysis of the signals from the sensors
Sensors

1st (Hz)

Error (%)

2nd (Hz)

Error (%)

QP

31.19

1.52

196.34

0.833

MFC

30.9

2.44

196.57

0.717

PFC

31.01

2.093

196.3

0.853

Strain Gauge

30.68

3.135

195.34

1.338

Theoretical

31.67

-

197.99

-

200

MFC (mV)

175

PFC (mV)

150

Quick Pack (mV)

Vpp (mV)

125

Strain Gauge (mV)

100
75
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25
0
0
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2
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Figure 4.21 : The voltage output response from the piezoelectric sensors and strain gauges
for the various levels of displacement of beam
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4.4 Stress-Strain Behavior of PFCS

This section provides the details of experiments performed to analyze the stress-strain
behavior of the PFCS (MFC and PFC). The stress-strain behavior of the sensors is studied under
tensile and 3-point bending loads. The tensile and 3-point bend clamps of the DMA machine
were used to perform this test. The DMA controlled force mode is used. By using this mode the
displacement of a sample as a function of time, temperature, and applied force can be measured.
A preliminary preload force of about 0.001 N is applied to ensure that the specimen material is
fully elongated (has no slack). The test proceeded until one of the following events occurred:
load reaches 18 N (maximum force limit for the machine), two piece specimen failure, or the
movable clamp reaches the slide limit of the machine. Displacement and load data were
automatically logged by computer through the use of the TA instruments software package.
DMA machine‟s maximum force limit is only up to 18 N, hence the test stops automatically at
this maximum force limit.

4.4.1 Tensile Test Results
The details of the experimental setup used for the tensile test is shown in the Figure 4.22.
Sensors were mounted on the DMA tensile clamp as shown in the Figure 4.22. Test is conducted
at a loading speed of 1.0 N/min. As load was applied, a linear deflection response was observed.
The force versus displacement response of the sensors is presented in the Figure 4.23. The most
noticeable difference between the both the sensors response (Figure 4.23) is the stiffness values.
From the test results it is observed that PFC has higher stiffness value when compared to MFC
sensor.

68

4.4.2 Bending Test Results
The details of the experimental setup used for the bending test is shown in the Figure
4.24. Sensors were mounted on the DMA bending clamp as shown in the Figure 4.24. Test is
conducted at a loading speed of 1.0 N/min. The force versus displacement response of the
sensors is presented in the Figure 4.25. Both the sensors MFC and PFC show similar kind of
force vs. displacement behavior for the bending load. The curves for both the sensors almost
mimic each other.

4.5 Conclusion

Before using the PFCS for actual embedded sensor application, it is important to
understand the sensor characteristics of these sensors. Various experiments were performed to
study the sensor characteristics. Overall from these sensing characterization experiments
following major conclusions can be drawn out about PFCS:


They are highly sensitive to the changes in stress/strain levels (sensor output response
have linear relationship with the input stress/strains).



They are highly sensitive to the changes in the input frequencies (sensor output
response have linear relationship with the input frequency of loading), hence can
effectively detect changes in dynamic loadings.



Healthy voltage output response has been observed from them without use of preamplification circuit, even at micron level strains.



A linear relationship has been observed between applied input impact energy and
voltage output response produced by the sensor.
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Hence PFCS will be an ideal choice for embedded sensor application in composite structures.

DMA Machine

Clamp

Tensile clamp

Fixed clamp
Sensor

Movable clamp

Figure 4.22 : Sensor mounted on tensile clamp of DMA machine for tensile test.
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Figure 4.23 : Force vs. displacement response for PFCS
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Figure 4.24 : Sensor mounted on bending clamp of DMA machine for tensile test
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Figure 4.25 : Force vs. displacement response for PFCS
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CHAPTER 5 : FINITE ELEMENT SIMULATIONS TO PREDICT THE
STRESS/STRAIN CONCENTRATIONS NEAR EMBEDDED SENSOR REGION

The Chapter 3 gives the details of a critical literature review regarding the major issues of
embedding a sensor inside the composite structures. From these studies it is evident that
integration of sensors within the composites brings out structural integrity concerns. The
presence of embedded sensors causes the material and geometrical discontinuities, which can be
responsible for unwanted stress/strain concentrations with consequent stiffness reduction and
degradation of the overall material performance. Hence, it is necessary to conduct an in-depth
study of the damage mechanisms and mechanical interaction among the host materials, the
embedded sensor, and their interfaces. The major objective of this chapter is to give the detailed
description of the numerical simulation work conducted to understand the local stress/strain field
in composite specimen near the embedded sensor region. In addition, maximum stress and von
Mises stress criteria are applied to identify and locate the damage initiation sites.

5.1 Finite Element Model

The idealized 2D model of the composite with embedded Piezoelectric Fiber Composite
Sensor (PFCS) is shown in Figure 5.1. The length (L), width (W), and thickness (T) of the
composite in the model are 150 mm, 25.4 mm, and, 3 mm respectively. The dimensions of PFCS
sensor are (Ls = 16.9 mm, Ws = 9.7 mm, and Ts = 0.07 mm). The thickness of the adhesive layer
is considered to be 0.01 mm. The model contains three different material areas, namely sensor
layer, epoxy resin, and glass fiber-epoxy composite. The properties of each material are listed in
Tables-5.1 and 5.2. Owing to the symmetry of the idealized model, only one quarter of the
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sample has been considered (Figure 5.2). The center of the sensor is used as the origin of the
coordinate system, with length, thickness, and width directions defining the x, y, and z axes,
respectively. A plane strain state has been assumed.

Four node quadrilateral plane strain

elements are mostly used in this numerical analysis. Figure 5.3 shows the local finite element
mesh for the 2D model. A finer mesh is used for the domain around the sensor-composite
interface region, where maximum stress concentrations are expected. A total of 58750 nodes
and 57392 elements were used to mesh the 2D model in this analysis. Several coarse analyses
have also been conducted to check the accuracy of the results. Symmetric displacementboundary conditions are used in the x-and y-directions, and a uniform displacement equal to 1%
of the model length is imposed at the far ends in the longitudinal direction to produce a 1%
nominal overall strain. The remote stress, σo, is calculated by averaging the resultant end forces,
resulting in a stress value of 460 MPa for the baseline case.

Figure 5.1 : Idealized Model
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Table 5.1 : Material properties used in the analysis
Material

Young’s
modulus (GPa)

Shear modulus
(GPa)

Poisson’s
ratio

Ey

Gxy

υxy

Coefficient of
thermal expansion
(10-6/ °C)
αx
αy

Properties

Ex

S2/BT250E-1LV
glass fiber-epoxy

47.80

9.80

3.70

0.3

4.23

46.14

T250E-1LV
epoxy resin

3.86

3.86

1.39

0.39
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71

Sensor

30.34

15.85

5.51

0.31

----------------

Table 5.2 : Material strength properties
S2/BT250E-1LV
glass fiber-epoxy (MPa)

T250E-1LV epoxy resin (MPa)

Longitudinal tensile strength

1730

Tensile strength

75

Transverse tensile strength

67

Compression strength

115

In plane shear strength

55

------------------------------------

---
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Figure 5.2 : One quarter 2D model of the segment

Figure 5.3 : Local finite element mesh for the 2D model
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5.2 Results and Discussions

Figures 5.4, 5.5, and 5.6 show the contours of three strain components (𝞮xx, 𝞮yy, and 𝞮xy)
around the sensor-composite adhesive interface region where material and geometrical
discontinuities are present. The maximum longitudinal and shear strains appear at the sensor
corner edges. The maximum and minimum longitudinal strains are about 10.01% and 6.5 %
while the maximum and minimum transverse strains are about -2.7% and -5.3 % for the applied
1% overall strain. The shear strain is about 22.65% for the same 1% applied strain. Among the
three strain components, the shear strain has maximum values at the sensor-composite adhesive
interface region. The shear debonding at the sensor-composite interface is expected to be the
main cause of failure initiation.

All the stress components were also computed for externally imposed nominal
longitudinal strain of 1%. This nominal strain is equivalent to a 460 MPa stress in tension.
Without considering the sensor area (load carrying capability is generally high), the maximum
longitudinal stress appears at the sensor-composite interface. The stress concentration factor is
calculated by normalizing the maximum longitudinal stress with average remote applied stress
(K = σxx/σo). The maximum and minimum longitudinal and transverse stresses occur in the
sensor and sensor-composite interface area. At the sensor edge an abnormal peak rise in the
stress concentration factor is observed (about 1.35). These high stress concentrations near the
senor region (0 ≤ X ≤ ((Ls/2) +t)) are highly critical, because they may trigger rapid failure by
delamination. Figures 5.7 and 5.8 show the von Mises strain and stress contours at the sensorcomposite interface region. The plot in the Figure 5.9 and 5.10 show the variation of stress
concentration factor along x and y axis. The points A and B in the plots refer to the sensor
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locations (refer Figure 5.2). It is observed that at the sensor corner edge region (Point B), there is
an abnormal rise in stress concentration factor. Using PFCS leads to a reduction of 56% in
longitudinal stress concentration and 38% in transverse stress concentration, when compared to
using the conventional Lead Zirconate Titanate (PZT) as embedded sensor. This shows the high
compatibility of PFCS sensors with the composite structures, when compared to conventional
PZT sensor. The comparison of stress concentration developed due to PFCS and PZT sensor is
shown in Figure 5.11.

Figure 5.4 : A close-up view showing strain contour (𝞮xx) around the embedded sensor
region
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Figure 5.5 : A close-up view showing strain contour (𝞮yy) around the embedded sensor
region
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Figure 5.6 : A close-up view of the strain contour (𝞮xy) around the embedded sensor region
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Figure 5.7 : von-Mises strain contour around the embedded sensor region

Figure 5.8 : von-Mises stress contour around the embedded sensor region
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B

At the Sensor Edge

A

Sensor Composite Interface
Region

Figure 5.9 : The variation of the stress concentration (σxx/ σo) at the sensor-composite
interface region due to PZT sensor

Sensor Composite Interface Region

At the Sensor Edge

A

B

Figure 5.10 : The variation of the stress concentration (σyy/ σo) at the sensor-composite
interface region due to PZT sensor
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Figure 5.11 : The comparison of variation of the stress concentration (longitudinal (σxx/σo)
and transverse (σyy/ σo)) at the sensor-composite interface region due to PFCS and pure
PZT sensor

5.3 Prediction of Failure Stress

From the stress concentration factors obtained from finite element analysis, one can
derive the following failure equations for tension and loading cases. The failure criteria used are
maximum stress failure and von-Mises stress failure criteria. Accordingly, both the criteria are
defined as follows:

(a)

Maximum Stress Failure Criterion:
According to this theory, failure occurs when at least one stress component along one of

the principal material axes exceeds the corresponding strength in that direction. For the
composite domain this stress criterion was used to predict the failure stress.
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Tensile stresses





(5.1)





(5.2)





(5.3)





(5.4)





(5.5)

Compressive stresses

Shear Stresses

The subscripts 1 and 2 in the above equations refe to the principal material axes of the composite
material, t and c subscripts refer to tension and compression loadings respectively. The values of
1t, 2t, 1c, 2c, and s6 are obtained from company provided data sheets (Tables-5.1 and 5.2).
The stresses were checked for the composite domain using the above stress criterion and it was
found that stress components along the principal material axes were not exceeding the
corresponding strength in that direction for the 1% overall strain applied.

(b) von- Mises Stress Failure Criterion:
According to this theory, failure occurs the stress components satisfy the criterion in equation
(5.7). For the epoxy adhesive and sensor domain this criterion is used to predict the failure stress.

(
[(

)

)

(

(5.6)
)
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(

) ]

(5.7)

where Fr is the strength of the epoxy adhesive. The stresses were checked for the epoxy adhesive
and sensor domain using the von-Mises stress criterion and it was found that (

)

was

exceeding the corresponding strength at few regions (near the senor edges) for the 1% overall
strain applied.

5.4 Conclusion

This chapter gives the detailed description of the numerical simulation work conducted to
understand the local stress/strain field in composite specimen near the embedded sensor region.
From the simulation result it was found that the maximum and minimum longitudinal and
transverse stresses occur in the sensor and sensor-composite interface region. At the sensor edge
an abnormal peak rise in the stress concentration factor is observed. These high stress
concentrations near the senor region are highly critical, because they may trigger rapid failure by
delamination. Using PFCS leads to a reduction of 56% in longitudinal stress concentration and
38% in transverse stress concentration, when compared to using the conventional PZT as
embedded sensor.
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CHAPTER 6 : EFFECT OF EMBEDDED SENSORS ON THE STRUCTURAL
INTEGRITY OF GLASS FIBER-EPOXY COMPOSITE LAMINATE STRUCTURE
6.1 Introduction

Chapter 3 discussed the critical issues encountered in the structure due to embedded
sensors. It is evident from the literature review, that the embedding a sensor inside the structure
leads to the production of many unwanted stress concentrations. These high stress concentration
regions developed near the sensor region can cause the reduction in the actual strength of the
whole composite structure. The problem of embedding sensors in composite structures can be
addressed both from the point of view of a structural engineer interested in ensuring mechanical
performance and integrity in the presence of non-structural inclusions, and from that of an
electrical engineer concerned about the mechanical, electrical, chemical and other effects of the
surrounding structure on the behavior of the electronic devices. The work in this chapter is
primarily concerned on addressing the mechanical effects of embedding a PFCS sensor in a load
bearing composite structure. PFCS were embedded inside the glass fiber-epoxy composite
laminates. In-plane tensile, in plane tension-tension fatigue, and short beam strength tests were
performed to evaluate the strengths/behavior of the composites containing embedded PFCS
sensor.

6.2 Glass Fiber-Epoxy Prepreg Composite Laminates

The DA409U/S2-unidirectional glass fiber-epoxy prepreg sheets (from APCM LLC.)
were used for the composite laminate sample preparation. The DA409U/S2-glass is a tough,
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versatile, modified epoxy resin prepreg that cures at 250ºF. The physical and mechanical
properties of the prepreg sheets are given in the Table-6.1 and 6.2.

Figure 6.1 : Physical properties of prepreg sheets (www.prepregs.com)
Weight: 0.083 lbs./ft2
Resin Content: 42% by weight
Gel Time: 12 min @ 250ºF
Volatiles: Less than 1%
Thickness: 0.011mm

Table 6.2 : Mechanical properties of prepreg sheets (www.prepregs.com)
Cure Cycle: Press cured for one hour at 250ºF and 30 psi pressure
Flexural Strength: 112×106 psi (@75ºF)
Flexural Modulus: 4.1×106 psi (@75ºF)
Tensile Strength: 81×106 psi (@75ºF)

6.3 Specimen Preparation

The raw prepreg sheet roll is removed from cold storage and it was cut into sheets of
required dimensions. These sheets were then arranged in a lay-up form and wrapped into nonporous Teflon sheets (to prevent moisture form condensing on to the prepreg sheets). The whole
arrangement is kept at room temperature for at least 20 hours before further processing. Then the
prepreg sheets wrapped in Teflon sheets were pressed (at 30 psi pressure) between the hot plates
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of hot press machine (Figure 6.1) for 1 hour. The temperatures of both the plates of the hot press
machine are maintained at 250°F using the digital temperature control module on the machine.
After 1 hour the heaters were turned off and the plates were left to cool down for 20 minutes.
After 20 minutes the bottom plate of the hot press is lowered down and the processed prepreg
sheets were removed from the hot plates. The processed prepreg sheets were allowed to cool
down for 10 minutes and after that the prepreg sheets are ready for use.

Hot plates

Prepreg sheets wrapped in
Teflon sheets
Digital temperature
control unit
Pressure gauge

Figure 6.1 : Hot press machine

The processed prepreg sheet was cut into strips of dimensions (260 mm × 27 mm × 0.5
mm). Three such strips were glued together using the adhesive to form one sample. Loctite 9460
Hysol epoxy resin and hardener were mixed in a 1:1 ratio to prepare adhesive. The sensor was
embedded inside the center strip as shown in the Figure 6.2 and 6.3. A groove is made on the
center strip using the filer manually, the dimensions of grove are same as the dimension of the
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sensor. The sensor is embedded inside this manually made groove. Tabs were also attached to
the specimen when performing the test in order to prevent the gripping damage Five types of
samples were made with different types of embedded sensors: (i) with no-embedded sensor, (ii)
with MFC as an embedded sensor, (iii) with PFC as an embedded sensor, and (iv) with PZT
ceramic as an embedded sensor. All the embedded sensors were of same dimensions (30.1 × 9.7
mm × 0.07mm). Overall twenty specimens were made; Table-6.3 gives the details of all the
specimens.

Table 6.3 : Test specimen details.
Total Specimen
No

S. No

Embedded Sensor Type

Specimen ID

1

No Embedded Sensor (Pure)

P1

P2

P3

P4

P5

5

2

PFCS Sensor (MFC)

M1

M2

M3

M4

M5

5

3

PFCS Sensor (PFC)

PF1

PF2

PF3

PF4

PF5

5

4

PZT Sensor (PZT)

PZ1

PZ2

PZ3

PZ4

PZ5

5

Total Specimens

20

Figure 6.2 : Embedding PFCS inside the glass fiber-epoxy composite laminate
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PFCS sensor

Glass fiber-epoxy laminate

Figure 6.3 : PFCS embedded inside the groove made on the composite laminate

6.4 Effect of Embedded Sensors on Structural Integrity of Composite Laminate

6.4.1 In-plane tensile strength
In this experiment the effect of embedded piezoelectric sensors on the in-plane tensile
strength of an impregnated glass fiber-epoxy prepreg composite laminate structure is
investigated. From this test the stress-strain response of the material, the ultimate tensile strain,
tensile modulus of elasticity, Poisson‟s ratio, and transition strain can be derived.

All the

specimens were tested in a servo-hydraulic test MTS machine and at ambient laboratory
conditions. In this test the in-plane tensile properties of the specimens were determined. The
ASTM standard D 3039/ D 3039 M was used for manufacturing the specimen and perform
tensile test. The details of the test specimen are shown in the Figure 6.4. Every effort is made to
eliminate the excess bending from the test system. Excess bending may occur due to misaligned
grips, or from specimens themselves if improperly installed in the grips, or from out-of-tolerance
due to the poor specimen preparation. The failure in the gripping region is the major issue in the
tensile and fatigue test. Hence preliminary tests are done initially to find the appropriate tab
dimensions and proper durable adhesive, which minimizes the tab failures. The specimen edges
are polished carefully to ensure that specimen edges are sufficiently free of flaws. The specimen
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is mounted in the grips of a mechanical testing machine (as shown in Figure 6.5) and
monotonically loaded in tension while recording load and strain until the final failure. The test is
conducted at a speed (rate of machine crosshead movement) of 1mm/min. The ultimate strength
of the material can be determined from the maximum load carried before failure. Figure 6.7
shows the final failure region on the composite specimen at the end of the test. The precision
statistics details for each type of sample for the tensile test were presented in Table-6.4. The
average values of the ultimate strength and modulus of the specimens with and without PFCS
sensors were within 3% of each other in both cases (with and without sensors). A comparison of
the stress-strain curves, for the specimens with and without embedded sensors is presented in the
Figure 6.6. The stress-strain curves for the specimens with PFC and MFC sensors mimic each
other almost exactly, bending almost exactly along the same path. The most noticeable
difference between the specimens with embedded sensors and specimen with no embedded is the
ultimate strength values. From the experimental results it can be observed that embedding a
sensor inside the composite structure reduces the ultimate strength, modulus and final failure
strain of the structure. The pure samples have higher ultimate strength, modulus and final failure
strain values when compared to the specimens with embedded sensors. Embedding PFCS
sensors (MFC and PFC) leads to the reduction of about 2.5% in ultimate strength. Pure PZT
sensor leads to the reduction of about 5.5% in ultimate strength, which is about 54.4% more
when compared to embedding PFCS sensors. The pure PZT sensors are highly brittle and have
low compatibility with composites; hence the reduction in ultimate strength values of specimen
is higher with PZT embedded sensors. On the other hand, PFCS sensors are highly flexible and
have very high compatibility with composites. The plots in the Figure 6.8 compare the ultimate
strength, failure strain and modulus values of the specimen with and without embedded sensors.
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Figure 6.4 : Details of the test specimen for tensile test

MTS Crosshead
Sample

MTS Crosshead

Figure 6.5 : Sample mounted on MTS machine
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300
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PZT

250
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PZT

200

150

MFC and PFC curves
mimic each other

100

50

0
0

0.5

1

1.5

2

2.5

3

3.5

Strain (%)

Figure 6.6 : Stress vs. strain response for the specimens

Final fracture
region

Figure 6.7 : Final failure region on the specimen at the end of tensile test
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4

Table 6.4 : Precision statistics for tensile test
Ultimate Strength (MPa)
Samples
Parameters
Mean
Standard
Deviation
Coefficient of
Variation (%)

No Embedded
Sensor (Pure)

PFCS Sensor
(MFC)

PFCS Sensor
(PFC)

PZT Sensor

321.7

314.75

313.3

303.9

2.1

1.5

1.4

2.3

0.7

0.5

0.45

0.77

Modulus (GPa)
Samples
Parameters

No Embedded
Sensor (Pure)

PFCS Sensor
(MFC)

PFCS Sensor
(PFC)

PZT Sensor

Mean

32.3

31.2

30.5

26.6

Standard
Deviation
Coefficient of
Variation (%)

1.6

0.6

1.3

1

4.9

1.8

4.3

3.7

Failure Strain (%)
Samples

No Embedded
Sensor (Pure)

PFCS Sensor
(MFC)

PFCS Sensor
(PFC)

PZT Sensor

Mean

3.4

3.3

3.3

3.1

Standard
Deviation

0.7

0.47

0.83

0.57

Coefficient of
Variation (%)

5

1.9

4.3

3.8

Parameters
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Ultimate Strength (GPa)

350
300

250
200
150

322

Young's Modulus (GPa)

314

304

PFC

PZT

100
50
0
No sensor

35
30
25
20
15
10
5
0

32.3

No sensor

Failure Strain (%)

315

4
3.5
3
2.5
2
1.5
1
0.5
0

3.4

No sensor

MFC
Specimen

30.5

26.6

MFC
PFC
Specimen

PZT

31.2

3.2

3.3

MFC
PFC
Specimen

3.1

PZT

Figure 6.8 : Ultimate strength, young’s modulus and failure strain of the composite
specimen with and without embedded sensor
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6.4.2 In-Plane Tension-Tension Fatigue Test
This test is conducted to understand the effect of embedded sensors on the fatigue
behavior of the composites. The composite specimen is subjected to tensile-tensile cyclic
loading. This test method is utilized for studying the fatigue damage in the composite specimens
such as the occurrence of microscopic cracks, fiber fractures or de-laminations. This test can be
performed by using any one of the two procedures (constant load (stress) and constant strain) as
mentioned in the ASTM standard D 3479/D 3479M. The test control parameter in constant load
procedure is load/stress and the machine is controlled so that the test specimen is subjected to
repetitive constant amplitude load cycles. In constant strain procedure the test control parameter
is the strain in the loading direction and the machine is controlled so that the test specimen is
subjected to repetitive constant amplitude strain cycles. Every effort is made to eliminate the
excess bending from the test system. Excess bending may occur due to misaligned grips, or from
specimens themselves if improperly installed in the grips, or from out-of–tolerance due to the
poor specimen preparation. Preliminary fatigue tests are done to find the appropriate tab
dimensions and proper durable adhesive, which minimizes the tab failures. The test specimens
are prepared as per the ASTM standard D 3039/D 3039 M, as discussed in the previous section
(Figure 6.4). The specimen edges are polished carefully to ensure that specimen edges are
sufficiently free of flaws.

The test specimen is mounted in the grips of a MTS testing machine and loaded in
tension-tension cyclic loading at ambient laboratory conditions. The specimen is cycled between
minimum and maximum in-plane tension-tension axial load at a stress ratio of 0.1 (ratio of
minimum load/stress to maximum load/stress) at a frequency of 10 Hz. The number of load
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cycles at which failure occurs is determined for three different stress amplitudes for each
different kind of specimens. The details of load cycles used for the test are presented in the Table
6.5. Table 6.6 gives the details of the average number of cycles to final failure for all the
specimens when subjected to three different types of stress amplitudes.

Table 6.5 : Fatigue loading cycles
Maximum load (Smax)

Minimum load (Smin)

and percentage of tensile

and percentage of

strength (ts)

tensile strength (ts)

1

247 MPa (76.7 % of ts)

2

3

Loading
case

Load

Stress ratio

amplitude

(R)

25 MPa (7.6 % of ts)

111.1 MPa

0.1

197.5 MPa (61.2 % of ts)

19.7 MPa (6.1 % of ts)

88.8 MPa

0.1

123.5 MPa (38.3 % of ts)

12.4 MPa (3.8 % of ts)

55.5 MPa

0.1

Table 6.6 : Number of cycles to final failure
Average number of cycles to final failure
Stress amplitude
(MPa)

111.1
88.8
55.5

(Coefficient of Variation (%))
Pure

MFC

PFC

PZT

358,535
(7%)
1,000,585
(8.2%)

370, 632
(6.5%)
1,001,673
(7.3%)

343,148
(7.2%)
1,010,067
(6.4%)

305,781
(6%)
986,743
(8%)

5,000,000+

5,000,000+

5,000,000+

5,000,000+

„+‟ indicates that specimen did not fail, stopped due to time constraints.
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The S-N curve obtained from the three loading cases for fatigue test is presented in the
Figure 6.9.

The specimen failed finally due to the fiber matrix de-bonding, delamination

between the laminates and fiber fracture. Figure 6.10 shows the failure region of the specimen at

Stress Amplitude (MPa)

the end of the fatigue test.

120

PURE

100

PZT

MFC
80
PFC
60

40

20

0
1E+0

1E+1

1E+2

1E+3

1E+4

1E+5

Cycles (N)

Figure 6.9 : Fatigue life for the different specimens
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1E+6
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Specimen Edge
Sensor location

Fiber-fracture
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Specimen Edge
Sensor location

Fiber-fracture
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Specimen face

Fiber-fracture
Matrix cracking
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Figure 6.10 : Failure regions on the test specimen after the fatigue test
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6.4.3 Short Beam Shear Strength
An important material property associated with composite laminates is the inter-laminar
shear strength. This property relates the amount of shear stress a specific material will handle
before individual plies fail in shear. Short beam shear test method is used to determine the interlaminar shear strength of composite laminates. In this test the sample is subjected to bending,
just as flexural testing methods do, but the beam is short relative to its thickness. In this test the
flexural (tensile and compressive) stresses are minimized and the induced shear stresses are
maximized. In contrast to the short- beam shear test, flexure testing emphasizes the bending
characteristics of a beam specimen, and hence high span length to thickness ratios are used,
typically at least 16:1 and often much higher. The block diagram of the test specimen fixture and
horizontal shear load diagram as per ASTM standard D 2344/D 2344M is shown in the Figure
6.11. The details of experimental setup and test specimen are shown in the Figure 6.12 and 6.13
respectively. The test specimen is placed into the test fixture (as shown in the Figure 6.12). The
ASTM standard D 2344/D 2344M was used for the short beam strength test. The specimens were
prepared as per ASTM standard D 2344/D 2344M:
(i) Specimen length = (thickness) x 6
(ii) Specimen width = (thickness) x 2
(iii) Overhang length to be at least 2mm.

The specimen is aligned and centered such that its longitudinal axis is perpendicular to
the loading nose and side supports. The loading nose is located equidistant between the side
supports and the specimen overhang is about 3 mm on each side. Loading supports were free to
rotate, allowing free lateral motion of the specimen.
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Figure 6.11 : The horizontal shear load diagram for short beam strength test as per ASTM
standard D 2344/D 2344M

MTS crosshead

Loading Nose

Specimen

Supports

MTS crosshead

Figure 6.12 : Short beam strength experimental setup
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Figure 6.13 : Dimensions of the test specimen for short beam strength test [ASTM standard
D 2344/D 2344M]

Load was applied axially through the center of the specimen at the rate of 1mm/min. The
beam was loaded until fracture, and the fracture load was taken as a measure of the apparent
shear strength of the material. Displacement was measured from the relative movement of the
loading head through the use of the integrated MTS linear displacement gauge. The test is
continued until one of the following events occurred: a load drop-off of 30%, two piece
specimen failure, or the loading head travel exceeds the nominal specimen thickness.
Displacement and load data were automatically logged by computer through the use of the MTS
test works software package. A predicted load-displacement curve was observed for each
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specimen. As load was applied, a linear deflection response was observed until a maximum load
was achieved. At this point, the applied force drops dramatically indicating the specimen has
failed. This maximum load was taken as a measure of the apparent shear strength of each
specimen. The short beam shear strength was calculated for each specimen based on the formula
below:
(6.1)
where,
Fsbs is the short-beam strength (MPa),
Pm is the maximum load observed during the test (N),
b is the measured specimen width (mm) and
h is the measured specimen thickness (mm).

Figure 6.14 presents the stress-strain curves for each type of specimen obtained during
testing. The stress-strain curve obtained for each of test specimen demonstrates good
repeatability and similarity between each test. Overall, 20 specimens were tested for short beam
strength (details presented in Table-6.3). The precision statistics for the short beam strength and
failure strain values for each type of sample are presented in Table-6.7. The short beam shear
strength value for each specimen is calculated using equation 6.1. The average values of the
short beam strength of the different types of specimens with and without PFCS sensors were
within 4% of each other in both cases. The noticeable difference between the specimens with
embedded sensors and specimen with no embedding is the stress value at which the first lamina
fails and also the final short beam strength value. From the experimental results it can be
observed that embedding a sensor inside the composite structure reduces the short beam strength
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of the structure. The pure samples have higher short beam strength values when compared to the
specimens with embedded sensors. Embedding PFCS sensors (MFC and PFC) leads to the
reduction of about 5.3% and 10.1% in short beam strength respectively. Pure PZT sensor leads to
the reduction of about 14.9% in short beam strength. The pure PZT sensors are highly brittle and
have low compatibility with composites; hence the reduction in short beam strength values of
specimen is higher with PZT embedded sensors. On the other hand, PFCS sensors are highly
flexible and have high compatibility with composites. The Figure 6.15 compares the short beam
strength and failure strain values of the specimen with and without the embedded sensors. All the
specimens failed due to delamination between the laminates due to the adhesive failure. Figure
6.17 shows the final failure images of the different specimens after the short-beam strength test.
In order to locate the failure initiation regions, the short beam strength test is stopped when 5%
strain level is reached. The microscopic images (Figure 6.16) of the specimen edges were taken.
Cracks were observed near the embedded sensor region. These cracks indicate the initiation of
inter-laminar shear failure mode near the embedded sensor region.

6.5 Conclusions

This research examines the effects of embedding PFCS and PZT sensors on the structural
integrity of glass fiber-epoxy composite laminates. In-plane tensile, in plane tension-tension
fatigue, and short beam strength tests were performed to evaluate the strengths/behavior of the
composites containing embedded PFCS and PZT sensors. Based on the above work the
following conclusions can be drawn out:
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 From the tensile test, it is observed that embedding PFCS and PZT sensors in the composite
structures leads to a reduction in ultimate strength by 3 and 6% respectively.
 From the fatigue test results, it is concluded that both embedded PFCS and PZT sensors do not
have significant effect on the fatigue behavior of the composite specimens.
 From the short-beam strength test, it is found that embedding PFCS and PZT sensors leads to a
reduction in shear strength by 7 and 15% respectively.
Overall the pure PZT sensors seem to have low compatibility with composites; hence the
reduction in strength values is higher when compared to PFCS sensors, which seems to have
very high compatibility with composites. Hence PFCS will be an ideal choice as an embedded
sensor when compared to PZT sensor.
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Figure 6.14 : Short beam stress vs. Strain response for the specimens
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20

Table 6.7 : Precision statistics for short strength beam test
Short Beam Strength (MPa)

Samples

No Embedded
Sensor (Pure)

PFCS Sensor
(MFC)

PFCS Sensor
(PFC)

PZT Sensor

187.5

177.5

168.6

159.5

Standard
Deviation

0.928

1.03

1.216

Coefficient of
Variation (%)

0.495

0.580

0.721

1.513

Parameters

Mean

2.414

Failure Strain (%)
Samples

No Embedded
Sensor (Pure)

PFCS Sensor
(MFC)

PFCS Sensor
(PFC)

PZT Sensor

Mean

12.7

12.6

12.0

12.7

Standard
Deviation

0.860

1.373

1.626

1.468

Coefficient of
Variation (%)

6.774

10.91

13.543

11.557

Parameters
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Short beam strength (MPa)

200
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178

169

160

150

100

50

0
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MFC

PFC

PZT

Specimen

14

12.7

12.4

12
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MFC

PFC

12.6

Failure strain (%)

12
10
8
6
4
2
0
PZT
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Figure 6.15 : Short beam strength and failure strain of the composite specimens with and
without embedded sensor
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PFC
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Crack in the embedded
sensor layer of laminate
1mm

PZT

Sensor location

Crack in the embedded
sensor layer of laminate
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Figure 6.16 : Microscopic images of cracks at the specimen edges when subjected to a
strain of 5%
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Figure 6.17 : Final failure of the different specimens after the short-beam strength test
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CHAPTER 7 : EFFECT OF EMBEDDED SENSORS ON THE STRUCTURAL
INTEGRITY OF COMPOSITE SANDWICH STRUCTURES (CSS)*

7.1 Introduction

The demand for stronger and lighter material is increasing in the transportation and
aerospace industries. Sandwich structures provide an efficient method to increase rigidity and
strength without a significant increase in structural weight. Sandwich structures concept have
been widely used in the aerospace, automobile, marine and civil engineering applications,
because they are very suitable and amenable to the development of light-weight structures with
high specific stiffness and high specific strength. A typical sandwich structure is usually
comprised of two stiff thin face skins, which are separated by a thick, light-weight, and
compliant core. The primary function of the face sheets in a sandwich structure is to provide
required bending and in-plane shear stiffness and to carry edge wise, bending and in plane loads
as well. The faces are usually made from resin impregnated glass fiber or a laminate of
unidirectional fibers (prepregs), graphite prepregs, aluminum alloys or many refractory metal
alloys. The primary function of the core is to stabilize the facings and carry most of the shear
loads through the thickness. Overall, core gives structure to the sandwich, and skins protect the
core. Typically cores are usually made from wood, polymeric foams, end grain balsa, or aramid
honeycomb. The use of sandwich structures with composite face skins in commercial aviation is
increasing. Fiber reinforced polymer composite sandwich structures have been used extensively
in many engineering structures, due to their high specific strength and stiffness, tailor-ability,
corrosion resistance, and functionally graded construction [Rabinovitch, 2007; Bozhevolnaya et
*Reprinted by the permission of ASME Journal of Engineering Materials and Technology
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al., 2005].

A schematic of typical sandwich structure showing the face skin and core is

presented in Figure 7.1.

There are many defects (Figure 7.2) introduced in sandwich structures during
manufacturing process (de-bonds, butt-joints, flaws, and voids etc.) or during lifetime of
structure (shear cracks, intra or inter layer crack). The common cause for manufacturing process
defects is poor or missing bond-line due to careless manufacturing or a mismatch in geometry of
sandwich components. Similar defects may also arise during lifetime of the structure due to
fatigue, thermo-mechanical loads or impact events. However, in-service damage is usually more
complex. These defects acts as stress concentrators and can drastically reduce the load-bearing
capacity of the structure under static loads. A crack usually initiates at a stress concentration
point and propagates in the core material. Apart from the possible effect on the load-bearing
capacity of sandwich structures, there is another concern associated with difficultly in detection
and localization of the defects in the core using non-destructive methods. This aspect becomes
extremely important for large integrated components which cannot be disassembled for
inspection. Significant research efforts have been spent on development of non-destructive
techniques for damage detection. Thermo-graphic, radiographic, and acoustic emission methods
are developed and demonstrated promising results. These NDE techniques are effective in
detecting damages in materials and structures, but it is difficult to use them for structures under
service conditions due to the size and weight of devices. Therefore, there is strong interest in the
development of smart composite structures with integrated sensors which would allow in-situ
monitoring during in-service conditions [Joseph et al., 2006; Charles, 2008; Shipsha, 2001].
However, it is shown that damage detection and localization in sandwich structures is still a
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difficult task. Hence these structures require appropriately defined health monitoring systems,
which could not only monitor pre-existing defects and also detect initiations of damage inside the
structure.

Figure 7.1 : Sandwich structure showing core and face skins

Figure 7.2 : Defects and imperfections in sandwich structures [Shipsha, 2001]
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Compared to the traditional NDE techniques, embedded sensors offer unique capabilities:
monitoring manufacturing processes of composite parts, performing nondestructive tests once
fabrication is complete, and enabling real-time health monitoring and structural control. A multifunctional sensor that can measure multiple parameters would offer significant economic
advantages and end-user appeal. Embedded sensors add intelligence to structures and enable
real-time monitoring at critical and non-accessible locations [Warkentin et al., 1991]. Integration
of such sensors inside the composite structure may cause material and geometrical
discontinuities. These discontinuities can be responsible for unwanted stress concentrations with
consequences on the reduction of the stiffness and the overall material performance. These high
stress concentration regions could serve as sites for the beginning of delamination and cracks,
leading to premature structural failure of the component. Experimental studies have been
conducted on the strength and failure of composite materials with embedded devices such as
silicon chips, thermocouples, and fiber optic sensors, but a very limited research has been done
on the embedded piezoelectric sensors [Hansen et al., 2000; Warkentin et al., 1991; Mall et al.,
1998; Murri, 2006; Paget et al., 1999; Eaton et al., 1995; Chow et al., 1992; Singh et al., 1994;
Ghezzo et al., 2008]. The effects of embedded PZT sensors on structural integrity of composites
have been extensively studied and reported. But the similar studies on embedded PFCS in
composites have not been adequately addressed yet. It is expected that PFCS will produce less
interfacial stresses when embedded inside composite structures, because of their high
compatibilities with composite materials. It is also observed from literature review that much less
attention has been devoted on evaluating the fatigue behavior, short beam strength, and bending
strength of the composites with embedded PZT based sensors. Therefore this research work is
specifically focused on examining the mechanical effects of embedding PFCS on the CSS. In-
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plane tensile, fatigue, short beam shear, flexural tests are performed to evaluate the
strengths/behavior of the composites containing embedded PFCS. Because the failure of
composites with embedded sensors is mostly dominated by shear failure, hence besides the
tensile, fatigue, and bending properties the shear strength behavior of the composites with
embedded sensors has been investigated with the short beam shear strength test. Carefully
planned experiments were conducted to investigate the ability of the embedded PFCS to monitor
the stress/strain levels and detect damages in CSS using modal analysis method.

7.2 Fabrication of Composite Sandwich Structure (CSS)

Syntactic foams have gained significant importance as core materials in sandwich
structures due to their high energy absorption, specific compressive strength, better damage
tolerance, and low moisture absorption. Syntactic foam is defined as a material consisting of
hollow spherical fillers in resin matrix. The filler particles can be made of glass, carbon steel,
aluminum, and polymer with varying sizes. Woven glass fabric infused with resin is used as the
face skin. The manufacturing process used for sample preparation is explained in detail in the
next few paragraphs. The details of the raw materials used for manufacturing syntactic foam core
are presented in Tables-7.1 and 7.2. Firstly, the resin and the diluent are mixed together and
heated to 50°C to reduce the viscosity of the resin system. Low viscosity of the resin system
ensures uniform mixing and complete wetting of glass-micro balloons (cenospheres).
Subsequently, the hardener is mixed followed by cenospheres addition to this resin system
mixture. This mixture is then cast in molds and allowed to cure. All the fabricated slabs are cured
for 36 hours at room temperature and then post cured for 3 hours at 100±3°C. Figure 7.3(a)
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shows the final cured syntactic foam core sample and Figure 7.3(b) shows the scanning electron
micrograph of final cured syntactic foam core. To fabricate sandwich composite slabs eight
layers of glass fabric are laminated on either side of the fabricated syntactic foam slabs. PFCS
were embedded inside the 4th layer of the glass fabric during the laminating process. Epoxy resin
system, which is used to fabricate syntactic foam, is used to fabricate skins also. Hand lay-up
followed by vacuum bagging process is used to laminate the face skins directly on the syntactic
foam slabs. In the sandwich composites the core to the skin thickness ratio is measured to be
15:1. Fabricated sandwich panels are cured at room temperature for at least 96 hours before
trimming and cutting. Figure 7.4 shows the vacuum assisted resin infusion bagging process used
to laminate skins directly on the syntactic foam slabs.

Table 7.1 : Raw materials used for manufacturing syntactic foam
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Table 7.2 : Properties of matrix elements
Material
Epoxy
(D.E.R 332)

Resin

Diluent (ErisysGE-8)

Hardener (D.E.H
24)

Properties
Density
(kg/m3)

1160

890

981

Flash point
(°C)

252

95

118

Viscosity at 25
°C (mPas)

4000-6000

5-10

27

Appearance

Clear liquid

Clear liquid

Clear liquid

Figure 7.3 : (a) Final cured syntactic foam core; (b) Scanning electron micrograph of
syntactic foam
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Figure 7.4 : Vacuum-assisted resin infusion bagging process used to laminate skins directly
on the syntactic foam slabs

7.3 Effect of Embedded Sensors on Structural Integrity of Composite Sandwich Structure

In-plane tensile, tension-tension fatigue, short beam shear and flexural tests were
performed to evaluate the changes in strengths/behavior of CSS containing embedded PFCS.
Three types of samples were made with different types of embedded sensors: (i) with noembedded sensor, (ii) with MFC as an embedded sensor, and (iii) with PFC as an embedded
sensor. The sensors were embedded between layers of glass-fiber face skin of CSS as mentioned
in the previous section. All the embedded sensors were of the same dimensions (30.1 mm × 9.7
mm × 0.07mm). The test specimen details used for all the tests are presented in the Table-7.3.
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Table 7.3 : Test specimen details
S. No

Embedded Sensor Type

Specimen ID

1

No sensor

N1

N2

N3

N4

N5

5

2

MFC (PFCS)

M1

M2

M3

M4

M5

5

3

PFC (PFCS)

P1

P2

P3

P4

P5

5

Total specimens

Total

15

7.3.1 In-plane Tensile Strength
The effect of embedded PFCS on in-plane tensile properties of CSS is investigated. In
this test in-plane tensile properties (stress-strain response, the ultimate tensile stress/strain, and
tensile modulus of elasticity) of the specimens were determined. ASTM standard D 3039/D
3039M is used for specimen preparation and testing. The schematic details of the test specimen
are shown in the Figure 7.5. All the specimens were tested on Mechanical test system‟s (MTS)
servo-hydraulic universal testing machine at ambient laboratory conditions. Every effort is made
to eliminate the excess bending from the test system. Excess bending may occur due to
misaligned grips, or from specimens themselves if improperly installed in the grips, or from outof–tolerance due to the poor specimen preparation. The specimen is mounted between the grips
of MTS machine (as shown in Figure 7.6) and monotonically loaded in tension while recording
load and strain data until the final failure. Test is conducted at a loading speed (rate of machine
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crosshead movement) of 1.0 mm/min. The ultimate strength of the material was determined from
the maximum load carried before failure.

Figure 7.5 : Details of the test specimen for tensile test

Comparison of the stress-strain curves for the specimens with and without embedded
sensors is presented in Figure 7.7. The test results are summarized in the Table-7.4. The plots in
Figure 7.8 compare the average ultimate strength, and failure strain values of the specimens with
and without embedded sensors. Figure 7.9 shows the final failure region on the composite
specimen at the end of the test. From the experimental results it can be observed that embedding
a sensor inside a composite structure reduces the ultimate strength, and final failure strain of the
structure. The pure samples have higher ultimate strength, modulus, and final failure strain
values when compared to the specimens with embedded sensors. The average values of the
ultimate strength and failure strain of the specimens with and without PFCS sensors were within
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7% of each other in both cases. Embedding PFCS (MFC or PFC) leads to the reduction of about
7 % in ultimate strength and about 7.2 % in final failure strain values.

Figure 7.6 : Sample mounted on MTS machine
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2.5
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MFC

1.5
1
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1

1.5

2

2.5
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Figure 7.7 : Load vs. displacement response for the specimens
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3

Table 7.4 : Tensile test results
Samples
Parameters

No Embedded
Sensor (Pure)

PFCS Sensor
(MFC)

PFCS Sensor
(PFC)

Average ultimate strength
[Coefficient of Variation ]

28.7 MPa
[0.6%]

26.4 MPa
[0.7%]

26.6 MPa
[0.5%]

Average failure strain
[Coefficient of Variation ]

2.6 %
[4 %]

2.5 %
[3 %]

2.47 %
[5 %]

Ultimate Strength (MPa)

30

28.7
26.4

26.6

MFC

PFC

2.5

2.5

MFC

PFC

25
20
15
10
5
0

Pure
3

2.7

Failure Strain (%)

2.5
2
1.5
1
0.5

0
Pure

Figure 7.8 : Ultimate strength and failure strain of the CSS specimens with and without
embedded sensor
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Pure

1mm
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1mm

PFC
Sensor location

1mm

PZT

Sensor location

1mm

Figure 7.9 : Final failure regions on the specimen edges at the end of tensile test
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7.3.2 In-Plane Tension-Tension Fatigue Test
In-plane tension-tension fatigue test is conducted to understand the effect of embedded
PFCS on the fatigue behavior of the CSS. The specimen is subjected to tensile-tensile cyclic
loading. This test is performed by using constant load procedure as mentioned in the ASTM
standard D 3479/ D 3479M guidelines. The test control parameter in constant load procedure is
the load/stress. The machine is controlled so that the test specimen is subjected to repetitive
constant amplitude load cycles. The test specimen is mounted in the grips of a MTS testing
machine and loaded in tension-tension cyclic loading at ambient laboratory conditions. The
specimen is cycled between minimum and maximum in-plane tension-tension axial load at a
stress ratio of 0.1 (ratio of minimum load to maximum load) at a frequency of 10 Hz. The
number of load cycles at which failure occurs is determined for four different stress amplitudes
for each test specimen. The details of load cycles used for the tests are presented in the Table7.5.

Table 7.5 : Fatigue loading cycles
Loading
case
1

2

3

4

Maximum load (Smax) and
percentage of tensile
strength (ts)
2200 N

Minimum load (Smin) and
percentage of tensile
strength (ts)
220 N

(71.7% of ts)

(7.16 % of ts)

1500 N

150 N

(48.9% of ts)

(4.89 % of ts)

1000 N

100 N

(32.5% of ts)

(3.25% of ts)

750 N

75 N

(24.4 % of ts)

(2.44% of ts)
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Load
amplitude

Stress
ratio (R)

990 N

0.1

742.5 N

0.1

450 N

0.1

337.5 N

0.1

Table-7.6 gives details of the average number of cycles up to final failure for all the
specimens when subjected to four different types of stress amplitudes. The samples with and
without PFCS take almost same number of cycles for final failure. The S-N curve obtained from
the four loading cases for fatigue test is presented in the Figure 7.10.

Table 7.6 : Number of cycles to final failure
Average number of cycles to final failure
(Coefficient of variation %)
Stress amplitude (N)

990
742.5
450
337.5

Load Amplitude (N)

1200

Pure

MFC

PFC

30,459
(6%)
1,010,985
(5.4%)

31,632
(6.5%)
1,008,673
(6%)

30,148
(7%)
1,005,067
(6.8%)

5,000,000+

5,000,000+

5,000,000+

5,000,000+
5,000,000+
„+‟ indicates that specimen did not fail (run out)

5,000,000+

Pure

1000

MFC

800

PFC

600
400

200
0
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08
Number of Cycles

Figure 7.10 : Fatigue life for the different specimens
129

7.3.3 Short Beam Shear Strength
Short beam shear strength relates the amount of shear stress a specific material will
handle before individual plies fail in shear. In this test specimen is subjected to bending load, just
as flexural testing methods do, but the specimen is very short relative to its thickness. In this test
the flexural (tensile and compressive) stresses are minimized and the induced shear stresses are
maximized. In contrast to the Short Beam Shear test, flexure testing emphasizes the bending
characteristics of a beam specimen, and hence high span length to thickness ratios are used,
typically at least 16:1 and often much higher. The block diagram of the test specimen fixture and
horizontal shear load diagram as per ASTM standard D 2344/D 2344M is show in the Figure
7.11. The details of experimental setup are shown in the Figure 7.12. The test specimen is placed
into the test fixture (as shown in the Figure 7.12). The ASTM standard D 2344/D 2344M was
used for specimen manufacturing and performing the short beam strength test. The specimens
were made as per the following recommendations from the ASTM standard:
(iv) Specimen length = (thickness) x 6
(v) Specimen width = (thickness) x 2
(vi) Overhang length to be at least 2mm.

The specimen is aligned and centered such that its longitudinal axis is perpendicular to
the loading nose and side supports. The loading nose is located equidistant between the side
supports and the specimen overhang is about 3 mm on each side. Loading supports were free to
rotate, allowing free lateral motion of the specimen. Load was applied in the center of the
specimen at the rate of 1.0 mm/min. The beam was loaded until fracture, and the fracture load
was taken as a measure of the apparent shear strength of the material.
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Figure 7.11 : The horizontal shear load diagram for short beam strength test as per ASTM
standard D 2344/D 2344M

MTS crosshead

Loading Nose

Specimen

Supports

MTS crosshead

Figure 7.12 : Short beam strength experimental setup
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Figure 7.13 : Details of the test specimen for short beam strength test

Displacement was measured from the relative movement of the loading head through the
use of the integrated MTS linear displacement gauge. The test is proceeded until one of the
following events occurred: a load drop-off of 30%, two piece specimen failure, or the loading
head travel exceeds the nominal specimen thickness. Displacement and load data were
automatically logged by computer through the use of the MTS test works software package. As
load was applied, a linear deflection response was observed until a maximum load was achieved.
At this point, the applied force drops dramatically indicating the specimen has failed. This
maximum load was taken as a measure of the apparent shear strength of each specimen. Five
specimens of each configuration (as discussed in Table-7.3) were tested. The short beam shear
strength was calculated by using equation 6.1 (mentioned in chapter 6). Figure 7.14 describes the
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stress-strain curves for each type of specimen obtained during testing. The stress-strain curves
obtained for each of the tested specimens demonstrate good repeatability and correspondence
between each test. Overall, 15 specimens were tested for short beam strength (details presented
in Table-7.3). The short beam shear strength value for each specimen is calculated using the
equation 7.1. The average values of the short beam strength of the different types of specimens
with and without PFCS sensors were within 5.5% of each other in both cases.

800

Pure

Pure
MFC

700
PFC
600

PFC

Load (N)

MFC

500
400
300
200
100
0
0

0.2

0.4

0.6

0.8

1

Displacement (mm)

Figure 7.14 : Load vs. Displacement response for the specimens
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1.2

The most noticeable difference between the specimens with embedded sensors and
specimen with no embedded is the final short beam strength and final failure strain values. From
the experimental results it can be observed that embedding a sensor inside the composite
structure reduces the short beam strength of the structure. The pure samples have higher short
beam strength values when compared to the specimens with embedded sensors. The test results
are summarized in the Table-7.7. Embedding PFCS sensors (MFC and PFC) leads to reduction
of about 5.43% in short beam strength and 3.31% in final failure strain values. The plots in the
Figure 7.15 compare the short beam strength and failure strain values of the specimen with and
without embedded sensors. Figure 7.16 shows the failure regions of the specimens after the
short-beam strength test. It was observed that most of the samples failed in flexure failure mode.

Table 7.7 : Short beam strength test results
Samples

No embedded
sensor (Pure)

PFCS sensor
(MFC)

PFCS sensor
(PFC)

Average short beam strength
[Coefficient of Variation]

40.1 MPa
[0.4%]

38.5 MPa
[0.6%]

37.9 MPa
[0.6 %]

Average failure strain
[Coefficient of Variation]

1.7 %
[6 %]

1.67
[7%]

1.66%
[5 %]

Parameters
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Short beam strength (MPa)

45

40.1

38.5

37.9

Pure

MFC

PFC

1.7

1.67

1.66

Pure

MFC

PFC

40
35
30
25
20
15
10
5
0

1.75

Failure strain (%)

1.5
1.25
1
0.75
0.5
0.25

0

Figure 7.15 : Short beam strength and failure strain of the composite specimens with and
without embedded sensor
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Pure

1 mm

MFC

Sensor location
1 mm

PFC
Sensor location

1 mm

PZT

Sensor location
1 mm

Figure 7.16 : Failure of the different specimens after the short-beam strength test
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7.3.4 Flexural Test
The flexural testing is performed under three-point bend configuration using a computer
controlled MTS test machine. Bend testing (or flexural testing) is performed to determine the
flexural strengths and stiffness. ASTM-D790 standard is adopted for testing. Figure 7.17 shows
the set-up of the three-point bend tests and testing of a specimen. All specimens have span
length of 192 mm to maintain a 16:1 span length/thickness ratio. The crosshead displacement
rate is maintained at 1.0 mm/min in the test. The test is continued until the specimens fracture,
and the load-displacement data is acquired. This mechanical testing method measures the
behavior of materials subjected to simple bending loads. The flexural modulus (stiffness) is
calculated from the slope of the bending load vs. deflection curve.

Sample

Loading nose

Supports

Figure 7.17 : The three-point bend test setup
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Figure 7.18 shows load-strain curves obtained from the flexural testing of the specimen
with sensors (MFC and PFC) and without sensors (Pure). The plots in figure show that all the
samples fail in the brittle fracture mode at the end of the linear region in their load-strain curves.
The failure starts at the tensile side of the specimen, in-line with the central loading anvil, and
grows towards the compressive side. The test results are summarized in the Table-7.8. The plots
in Figure 7.19 show the average bending strength and failure strain of the samples with and
without embedded sensors. Figure 7.20 shows the fracture pattern of the specimens, which were
randomly selected. The flexure failure mode is observed in the samples. In all cases the crack has
initiated near the mid-span of the specimen and propagated vertically. Embedding PFCS sensors
(MFC and PFC) leads to reduction of about 3.61 % in flexural strength and 4.31% in final failure
strain.

300
PFC

Pure

Pure

250

MFC

Load (N)

MFC

200
150
100

PFC
50
0
0

1

2

3
4
Displacement (mm)

5

6

7

Figure 7.18 : Load vs. Displacement curves obtained from the flexural testing
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Table 7.8 : Flexural test results
Samples

Bending strength (MPa)

Parameters
Average short beam
strength
[Coefficient of Variation]
Average failure strain
[Coefficient of Variation]
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Figure 7.19 : Bending strength and failure strain of the composite specimens with and
without embedded sensor
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Figure 7.20 : Failure of the different specimens after the short-beam strength test
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7.4 Conclusion

In this study, composite sandwich structure (CSS) samples are fabricated with glass
micro-balloons syntactic foam core and resin infused glass fiber face skins. PFCS are embedded
inside the resin infused glass-fiber face skins of the CSS. In-plane tensile, tension-tension
fatigue, short beam shear, and flexural tests were performed to evaluate the strengths/behavior of
the CSS containing embedded PFCS. The effects of embedding the PFCS on the tensile strength,
fatigue behavior, short beam strength, and flexural strength of the SCFS sample were
investigated. The tensile test shows that both the average ultimate strength and the modulus of
elasticity of the tested CSS with or without embedded PFCS are within 7%. The Stress-Life (SN) curves obtained from fatigue tests indicates that the fatigue lives and strengths with and
without the PFCS are close to each other as well. The result from short beam test shows that
there is a reduction of about 5.41 % in the short beam strength due to embedded sensors. The
flexural test shows that there is a reduction of about 3.61 % in flexural strength due to embedded
PFCS.
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CHAPTER 8 : DAMAGE DETECTION AND STRESS MONITORING IN COMPOSITE
STRUCTURES USING PIEZOELECTRIC FIBER COMPOSITE SENSORS (PFCS)

A detailed study about the effect of embedded PFCS on the structural integrity of
composite structures (composite laminates and sandwich structures) has been presented in the
previous chapters 6 and 7. This chapter is focused on exploring the application prospect of PFCS
for damage detection and stress monitoring inside the composite structures. The damage/defects
inside the composite structure affect the local stress/strain fields and also the dynamic parameters
of the structure. PFCS have high sensitivity to detect the changes in the local stress/strain fields
and also the dynamic parameters of the structure (demonstrated in the sensor characterization
experiments presented in Chapter 4). The next few sections of this chapter will give a detailed
description of the experimental methods, used for damage detection and stress monitoring
applications in composite structures using PFCS.

8.1 Monitoring Changes in the Applied Input Stress Using Embedded PFCS

In this experiment the ability of the embedded PFCS to detect the changes in the input
stress/strain applied on the composite structure is investigated. Two types of specimens
(composite laminate and sandwich structures) were used for this test. The details of the test
specimens are presented in the Figures 8.1 and 8.2. All the specimens were tested in a servohydraulic test MTS machine. The ASTM standard D 3039/D 3039 M was used for specimen
fabrication (details presented in Chapters 6 and 7). The specimen is mounted in the grips of a
mechanical testing machine as shown in Figure 8.3. Tension-tension fatigue loading condition is
applied at a frequency of 10 Hz, while simultaneously recording the sensor output response. The

145

capacitance was also periodically checked. Generally, if the PFCS is damaged or de-poled, then
the capacitance should drop. The capacitance of the PFCS is 100 nF, when it is healthy. Figure
8.3 shows the details of experimental setup. The specimen was cycled briefly at 20 Hz in
tension-tension, while maintaining σmin = 1MPa (constant) and varying σmax (10 MPa to 250
MPa) and simultaneously recording the sensor voltage output and capacitance. A typical voltage
output response from embedded PFCS (MFC), when the specimen is loaded at different stress
ratio is presented in the Figure 8.4. It is observed that with the increase in the input loading
amplitude (σamp) there is an increase in the amplitude of the voltage output response.

Plots in the Figures 8.5 and 8.6, show the relationship between the amplitude of the
voltage output response of PFCS and the applied input stress amplitude for both types of
specimens. The sensitivities of the MFC and PFC sensors as obtained from experiment for glassfiber epoxy composite laminate specimen are 0.0417 and 0.0431 volts/MPa respectively. The
sensitivities of the MFC and PFC sensors as obtained from experiment for composite sandwich
structure specimen are 0.4324 and 0.4375 volts/MPa respectively. A linear relationship has been
observed between the input stress amplitude and the sensor voltage output response. This means
that by constantly monitoring the output response of the embedded PFCS, one could effectively
monitor the magnitude of stress/strain acting on the structure.
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Figure 8.1 : Composite laminate test specimen details

Figure 8.2 : Composite sandwich structure specimen details
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Figure 8.3 : Experimental setup
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Figure 8.4 : Voltage output response from embedded PFCS (MFC), when the specimen is
loaded at different stress ratio
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Figure 8.5 : Voltage output response from embedded PFCS (MFC and PFC), when the
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Figure 8.6 : Voltage output response from embedded PFCS (MFC and PFC), when the
specimen is loaded at different σmax and maintaining σmin = 1 MPa (constant)
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Hence these sensors could be embedded in the critical locations/components of airplanes,
spacecraft, buildings, and bridges to monitor the stress/strain levels continuously. Understanding
the stress/strain levels in the critical locations/components of the structure will help the design
engineers to work on a better and durable design of structure components.

8.2 Damage Detection Using Modal Analysis Method

All structures have the dynamic parameters (like natural frequency (  n ), Damping ratio
(ζ)) that relates the structure‟s stiffness (k) and mass (m). The natural frequency is expressed by
the formula:
 n  k/m

(8.1)

When a structure is damaged through corosion, fracture or loose bolts, changes occur to the
structure‟s mass and stiffness. Therefore, if the frequency of a structure changes, there is an
implication that damage has occurred. The natural frequencies of a structure can be measured
using modal analysis techniques and can be compared with analytical predictions using finite
element analysis. Through comparison of the actual and predicted values of the structure‟s
natural frequencies, the extent of damage can be determined and the decisions can made be on
the integrity of the structure. The three modal analysis techniques to be used in the investigations
are random, known and impact vibration tests. The random vibration test, theoretically, excites
all frequencies in a structure, including its natural frequencies. The known vibration test is
performed by exciting a structure with a known frequency and determining the magnitude of the
structure‟s frequency response. When the magnitude reaches a peak at a certain frequency, then
this is determined as one of the structure‟s natural frequencies. The impact vibration test applies

150

an impulse to the structure, which excites a range of frequencies in a structure, including the
natural frequencies [Inman et al., 2001; Doebling et al., 1996; Islam et al., 1994; Wahyu et al.,
1999; Fritzen., 2005].

As discussed earlier that the damages in the structure leads to the changes in the dynamic
parameters of the structure. Hence by continuously monitoring the dynamic parameters of the
structure one can monitor the health of the structure. Modal analysis technique is carried out
using embedded PFCS to detect the changes in the dynamic parameters of the structure, when the
damages of various levels were introduced inside the structure. Tests were conducted on two
types of composite structures (composite laminates and sandwich structures). A more detailed
discussion on the modal analysis experiments is presented in next few sections.

8.2.1 Composite Laminate Beam
Figure 8.7 shows the details of the experimental setup. PFCS were embedded inside the
on a cantilever beam (l=300 mm, w=32 mm, t=21 mm) made of glass fiber composite laminate
and the output response of sensor is monitored and recorded using Hewlett Packard 54603B
oscilloscope. Figure 8.8 shows the typical output response of the PFCS (MFC), when the tip of
the cantilever beam is displaced for about 0.5 inches (12.7 mm). On performing the Fast Fourier
Transformation (FFT) to the output signal of the PFCS, the dynamic parameters like natural
frequencies of the cantilever beam can be evaluated. Damages (like de-lamination and cracks) of
various levels were introduced inside the composite cantilever beam and the natural frequencies
of beam were calculated continuously from the FFT of the output signal of PFCS. Plots in
Figures 8.9 and 8.10 show the changes in the first two natural frequencies of the beam, due to the
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de-lamination and cracks of various levels. From the experiment results it was found that with
the increase in delamination (%) there is a decrease in the natural frequencies of the composite
beam. It was also found that with the increase in the crack length (lc), there is a decrease in
natural frequency as well. No significant changes in the natural frequencies have been observed
for the crack of length up to 20 mm (normalized length (lc/l) =0.05). From the results of this
experiment, it is evident that damages in the structures can cause the changes in the dynamic
parameters of the structure. PFCS sensors were effectively able to detect the changes in these
parameters.

Lead wires from sensor

Oscilloscope

Glass-fiber epoxy composite beam
Embedded PFCS (red)

Figure 8.7 : Composite cantilever beam with embedded PFCS
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Figure 8.8 : The typical output response of the PFCS (MFC) captured using oscilloscope
when the tip of the cantilever is displaced to about 0.5 inches (12.7 mm)
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Figure 8.9 : Changes in the Mode1 and Mode2 natural frequencies of composite laminate
beam with the various levels of de-lamination assessed by the PFCS output response
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8.2.2 Modal Analysis for Composite Sandwich Structure (CSS)
Experiments were performed to investigate the ability of the PFCS to detect the changes
in the dynamic parameters of the structure, when damages of various levels were introduced in
the CSS samples. Figure 8.11 gives the details of the experimental setup. PFCS are embedded in
the bottom face skin (as done in previous section) of CSS cantilever beam (l=300 mm, w=32
mm, t= 14 mm) and there output response is monitored and recorded using Hewlett Packard
54603B oscilloscope. On performing the Fast Fourier Transformation (FFT) to the output signal
of the PFCS, the dynamic parameters of the cantilever beam can be evaluated as done in
previous section. De-lamination (between the top face skin and core) of various percentages is
introduced on the cantilever composite beam and the natural frequencies of beam were
calculated continuously from the FFT of the output signal of PFCS. Figure 8.12 shows the
changes in the first two natural frequencies of the beam, due to the de-lamination (between the
top face skin and core). From the experiment results it is found that with the increase in
delamination (%) there is a decrease in the natural frequencies of the beam.

Figure 8.11 : Experimental setup for the modal analysis
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Figure 8.12 : Changes in the Mode1 and Mode2 natural frequencies of CSS beam with the
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output response
157

8.3 Damage Detection Using Tapping/ Impact Method

8.3.1 Concept
This method is similar to the coin tap method (which involves tapping on structure and
listening for a hollow sound indicating the presence of the damage in the structure). In this
method the PFCS are embedded inside the various layers of the glass fiber-epoxy prepreg
composite laminate sheets. This method is based on the energy transfer between the layers of the
composite laminate. By monitoring the embedded PFCS output electrical signal the mechanical
energy transfer between the composite laminate layers can be calculated.

The block diagram of the experimental setup and detection technique concept is
presented in the Figure 8.13. The test specimen contains 4 layers of unidirectional glass fiberepoxy prepreg sheets, glued together using the epoxy adhesive. The PFCS were embedded in
layers 1 and 4 and their output response is recorded using the data acquisition box. Consider a
case when impact energy (E) is applied on the structure and let us assume that the impact
mechanical energy transferred to the layer 1 and layer 4 are E1 and E2 respectively. Let us
consider the sensor generated output signal to be VT1 and VB1 for the energies E1 and E2
respectively. Now consider there is a delamination between layers 2 and 3, and same amount of
impact energy (E) is applied on the structure. The energy transferred to the layer 1 will be same
as the previous case (E1), but energy transferred to the layer 4 will be not same as E2. Due to
delamination between layers 2 and 3, more energy will be absorbed at delamination region.
Hence the energy transfer to the layer 4 will be less than E2 and the voltage generated by the
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sensor will also be less than VB1. This means that by continuously monitoring the energy levels
in the various layers of composite layers, the presence of damage in the structure can be detected.

Small Impact Energy

E

Top sensor output

VT
Layer 1

Layer 2

E1

PFCS

R= V / V

VB

Layer 3
Layer 4

T

Glass fiber-epoxy prepreg composite laminate

E2

Bottom sensor output

Voltage output
ratio

PFCS

Figure 8.13 : Block diagram of the experimental setup and concept

8.3.2 Experiment
Figure 8.14 shows the details of the experimental setup. Impact energy is imposed by
dropping the small steel ball on the composite laminate through PVC pipe. The PVC pipe guides
the ball to fall on a certain area of the composite laminate. The output of PFCS is recorded on the
computer through data acquisition interface. The impact energy is varied by varying the height of
mass drop. Figure 8.15 shows the typical voltage ouput response of the embedded PFCS, when
an impact energy of 0.25 Joules is applied on the composite laminate. A sharp spike of
amplitude about 0.735 volts is observed at the time of impact. When an external load is applied
on the composite structure the PFCS in the top (layer 1) and bottom (layer 4) layers of composite
laminate structure generate voltage output. When a delamination is produced in between the
composite layers 2 and 3, most of the externally applied mechanical impact energy is absorbed
by the delamination areas. Hence less energy is transformed to the bottom sensor layer, when
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compared to the case of no damage present. This will result the changes in the voltage output
ratio (R). If this ratio (R) is monitored continuously the intensity and presence of damage could
be estimated.

Composite Laminate
Top sensor
electrodes

Bottom sensor
electrodes

Sensor Electrodes connected to
alligator clips

PVC pipe

Figure 8.14 : Experimental setup
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Figure 8.15 : Typical voltage output response from PFCS

Figure 8.16 shows the voltage ratio (voltage output of top to bottom layer sensor) vs.
potential energy when there is no damage within the composite laminate structure. The voltage
output ratio is almost constant (1.85 for PFC sensor and 1.77 for MFC sensor), for the various
external impact load of various levels. De-lamination is created between the layer 2 and layer 3
of composite laminate structure artificially. The external impact load is applied on the structure
and the voltage ratio is monitored continuously. Figure 8.17 shows the changes in voltage output
ratio with the increase in the de-lamination area when the potential energy of about 0.07 Joules is
applied on the composite laminate structure. It was observed that with the increase in the delamination area there is an increase in the voltage output ratio. Hence by continuously
monitoring the voltage ratio parameter, the presence of damage in the composite structure could
be identified.
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Figure 8.16 : Voltage output ratio of top and bottom layer sensor vs. potential energy when
there is no damage in the structure
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8.4 Embedded Sensor’s Response during Bending Load Test on the Composite Structure
The major objective of this experiment is to study the embedded sensor‟s response
behavior, when bending load is applied on the composite structure. A loading rate of 1.0 mm/
min is used for the test. A more detailed discussion on the experiment is presented in the next
few sections.

8.4.1 Bending Test on Composite Sample
The 3-point bend test on the composite laminate sample is performed and simultaneously
the embedded sensor‟s output response has been recorded using the data acquisition interface.
The details of the experimental setup are shown in the Figure 8.18.

Loading nose
Sample

Sensor output
signal recorded
using DAQ

DAQ

Figure 8.18 : Experimental setup for the test
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The plot in Figure 8.19 shows the force vs. time curve for the composite laminate sample.
From the test it was observed that the sample fails at displacement value of 2.8 mm. The
significant points on the Figure 8.19 were marked. The significant points of interest marked on
the force vs. time curve are: Point A (at 42 seconds where loading starts), Point B (at 93 seconds
where slope of force-time curve changes), Point C (at 142 seconds where sensor signal output
went to zero-may be due to sensor failure or due to the introduction of delamination in the
composite laminate), and Point D (at 170 seconds where sample final facture occurs). Changes in
the sensor output response is analyzed at the above mentioned points. The significant points of
interest corresponding to the force vs. time curve were analyzed on the recorded sensor output
response curve during the 3-point bend test. The plot in the Figure 8.20 shows the recorded
sensor output response during the test. At the point A (at 42 seconds where loading on the
sample starts), a sharp rise in the output signal is observed at this particular point. At point B ( at
93 seconds where slope of force-time curve changes), a discontinuity in the output signal is
observed. At point C, sensor output response drops drastically. This drastic drop in the sensor
output can be either because of sensor failure or due to the delamination between the layers of
composite laminate sample. Hence by recording and analyzing the embedded sensor output
response continoulsy, the various stages in stress-strain curve of a composite sample can be
studied effectively. To further investigate the reason behind this drop in the sensor output
response, a 3-point bending test using the DMA machine is carried out on the sensor. A detailed
description of experimental setup and theoretical work is presented in the next section. Figure
8.21 shows the typical voltage and charge output response due to applied input force applied.
From the figure it can be observed that every time force is applied to the sensor, there is a peak
rise in the voltage output response. But this voltage output response discharges due to the
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discharge coefficient property of the material. But whereas the charge output increases
proportionally to the applied input force.
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Figure 8.19 : Force vs. time curve for the composite laminate sample
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Figure 8.20 : Sensor output response recorded during the 3-point bend test
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Figure 8.21 : Typical output voltage and charge response due to applied input force for
PFCS

8.4.2 Theoretical Study to Calculate Displacement in each Layer of the Laminate
Theoretical calculations and numerical simulation is performed to estimate the amount of
strain/ displacement encountered by the embedded sensor layer at the bending load of 320 N.
The data obtained from this theoretical calculation will be used later for the sensor testing using
DMA machine. Figure 8.22 shows the block diagram of the composite sandwich structure
sample used for the test in the previous section. Layers 1 and 3 in the Figure 8.22 refer to face
skin layers. Layer 2 corresponds to the syntactic foam core layer.
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Figure 8.22 : The block diagram of the sample used for the test

The formulas used for the theoretical calculations are mentioned below:
(i)

Location of neutral axis equation:

(8.2)
where ξ j, E, and A are the distance of the centroid of each layer from the bottom surface of the
specimen, modulus, and cross sectional area respectively. The subscript j refers to the layer
number.
(ii)

Bending stress equation:

(8.3)
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where M is the moment due to the force and y is the distance from the neutral axis to the point of
interest.
(iii)

Deflection equation:

(8.4)
where P and L are the applied load and the span length, respectively. The total bending rigidity
term appearing in the denominator of above equation is defined as:

(8.5)
where Izz is the moment of inertia about the z-axis.

By using the above mentioned equations (8.2 to 8.5) the deflection/strain experienced by
the sensor layer during the 3-point bend test is calculated. A deflection of about 1.3 mm (1300
microns) is experienced by the embedded sensor layer, when bending of 320 N (at point C in
Figures 8.19 and 8.20) is applied.

8.4.3 Bending Test on Sensor using DMA
A drastic drop in sensor output signal is observed at point C (refer Figures 8.19 and 8.20).
In order to analyze the reason behind this drastic drop in sensor output 3-point bend test on the
sensor is performed to study if the sensor output is affected by this displacement level of 1200
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microns (calculated in previous section). Bending loads were applied on the sensor using the 3point bend clamps of the DMA machine and sensor output response is recorded simultaneously
using the data acquisition interface.

The details of experimental setup are shown in the Figure 8.23. The DMA controlled
force mode is used. By using this mode the displacement of a sample as a function of time,
temperature, and applied force can be measured. A preliminary preload force of about 0.001 N is
applied to ensure that the specimen material is fully elongated (has no slack). The test is
proceeded until one of the following events occurred: load reaches 18 N (maximum force limit
for the machine), two piece specimen failure, or the movable clamp reaches the slide limit of the
machine. Displacement and load data were automatically logged by computer through the use of
the TA instruments software package. A loading rate of 1.0 mm/ minute was used for the test,
similar to the loading rate used for performing the original test (as in Section 8.4.1). Plot in
Figure 8.24 shows the force vs. displacement curve for the sensor. Plot in Figure 8.25 shows the
displacement vs. time curve for the sensor. The test stopped at about 7.9 N, as the movable
clamp reached the maximum slide limit of the machine. Sensor output response recorded during
the test is shown in the Figure 8.26. Sensor is not damaged even at these high displacement
values. A healthy output response has been observed at calculated up to 4500 microns
displacement value.
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Figure 8.23 : Experimental setup
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Figure 8.24 : Force vs. displacement curve for the sensor
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Figure 8.26 : Sensor output response recorded during the bending test
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9.0

Hence sensor failure will not be a reason for the drastic drop in sensor output response (Section
8.4.1). The drop in the sensor output response could be because of the delamination between the
layers of composite laminate. Due to delamination the load is not effectively transferred to the
sensor layer, which leads to the drop in sensor output response.

8.4.4 Reliability of PFCS for Continuous Loading and Unloading Cases on Structure
In this section, the experiments performed to understand the reliability and repeatability
of PFCS output response for continuous loading and unloading cases is presented. In practical
situations a structure is loaded and unloaded continuously. It is important for a sensor to provide
reliable and repeatable output response under these circumstances. The plot in Figure 8.19 is
divided into two domains: Domain 1 (A to B) and Domain 2 (B to C). The composite specimen
is loaded and unloaded in these two domains and the sensor output response is recorded
simultaneously. The loading cycles of Domain 1and 2 are shown in Figures 8.27 and 8.28
respectively. The sensor output response under these two loading domain cycles is presented in
Figures 8.29 and 8.30. A continuous repeated output signals have been observed under these two
loading domain cycles. From this test it is observed that sensor produces continuous repeated
output response, when specimen/structure is loaded with in the design load. If load crosses this
design load, sensor doesn‟t produce repeated output response. In Figures 8.28 and 8.30 (Trail 4),
the sample is loaded beyond the design load. Hence a discontinuous sensor output response has
been observed in the Trail 5. The Vrms of the output response has been calculated simultaneously.
The Vrms values for the output signal are observed to be increasing with the decrease in the
stiffness of the sample. This can be observed in the Domain 2 (Trail 4) loading case.
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Figure 8.27 : Loading cycles of domain 1

Figure 8.28 : Loading cycles of domain 2
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Figure 8.29 : Sensor output response for domain 1 loading cycles

Figure 8.30 : Sensor output response for domain 2 loading cycles
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8.5 Conclusion

This chapter is focused on discussing the damage detection techniques using the
embedded PFCS. The ability of embedded PFCS to detect changes in the applied input
stress/strain on the composite specimen is investigated through experiments in the in section 8.1.
From the experiment results it is evident that these sensors are highly sensitive to detect the
changes in the stress/strain amplitudes applied to the composite structure. Damage detection
using modal analysis and impact method were discussed with experimental results in sections 8.2
and 8.3. The behavior of embedded PFCS output response, while performing 3-point bend test
on the composite laminate samples is presented in section 8.4. From this experiment it can be
concluded that by recording and analyzing the embedded sensor output response continoulsy, the
various stages in stress-strain curve of a composite sample can be studied effectively

8.5 References
1. Doebling, S., Farrar, C., Prime, M., and Shevitz, D., 1996, “Damage identification and health
monitoring of structural and mechanical systems from changes in their vibration
characteristics: a literature review”, Technical Report LA-12767- MS, Los Alamos National
Laboratory, New Mexico, USA.
2. Islam, A. S., and Kevin, C.C., 1994, “Damage detection in composite structures using
piezoelectric materials”, Smart Materials and Structures, 3, pp.318-328.
3. Wahyu, L., and Sathya, H., 1999, “Health monitoring of structures: multiple delamination
dynamics in composite beams”, Proceedings of AIAA/ASME/ASCE/AHS SDM conference,
99-1509.
4. Fritzen, C., 2005, “Vibration-based structural health monitoring - concepts and applications”,
Proceedings of the 6th International Conference on Damage Assessment of Structures
(DAMAS), 6, pp.3–18.

175

5. Sodano, H. A., Park, G., and Inman, D. J., (2003), “An investigation into the performance of
macro-fiber composites for sensing and structural vibration applications,” Journal of
Mechanical Systems and Signal Processing.
6.Schulz, M. J., Sundaresan, M.J., Ghoshal, A. and Pai, P.F., (2000), “Active fiber composites
for structural health monitoring”, SPIE, San Diego CA, March 17-18.
7.Ghezzo, F., Starr, F A., & Smith, D R., (2010), “Integration of networks of sensors and
electronics for structural health monitoring of composite materials”, Advances in Civil
Engineering, 598458.

176

CHAPTER 9 : CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

Health monitoring of the composite structures is an important issue to be addressed. One
of the best practices to address composite structure health monitoring issue is to use smart
composite structures, manufactured by integrating variety of sensors with structural materials.
These sensors can be used to acquire data for validating and improving designs during the
prototype stage or to obtain information on performance and structural integrity of functional
components while in-service. The capability to obtain such information is important to many
industries. Examples include the aerospace industry (components of jet engines), the power
industry (vessels and pipes), the automotive industry (components of motors), the construction
industry (structural components in buildings), the oil industry (drilling equipment), and the
manufacturing industry (molds, dies, drilling bits, etc.). This research work presents a critical
study on using the piezoelectric fiber composite sensors (PFCS) as an embedded sensor inside
the composite structures to continuously monitor the structural health parameters.

9.1 Conclusions

Overall, this research work on PFCS can be divided into three major parts: (i) Sensor
characterization, (ii) Effect of embedded sensor on the mechanical properties of host structure,
and (iii) Damage detection and health monitoring applications using embedded sensor. The
major conclusions from these parts have been presented in next few sections.
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9.1.1 Sensor Characterization
Initially a numerical expression was derived, relating the sensor voltage output response
to the various geometrical and material parameters of the sensor. From this expression it is
observed that sensor voltage output is directly proportional to the applied mechanical
force/moment. Output voltage is also dependent on the geometrical parameters (length (L), width
(w), and thickness (t)) and material constants (dielectric permittivity, piezo-constant, and elastic
compliance) of the sensor.

Sensor characterization experiments were conducted on PFCS to get a clear
understanding of the sensor behavior. Sensitivity of these sensors to detect the changes in
stress/strain levels and dynamic characteristics is investigated through these experiments. From
these experimental results it was observed that these sensors have very high sensitivity to the
changes in the stress/strain levels and are effectively able to detect the dynamic parameters of
structure.

9.1.2 Effect of Embedded Sensor on Mechanical Properties of Host Structure
A numerical simulation using ANSYS has been conducted to understand the distribution
of overall local stress/strain fields in composite specimen, especially near the embedded sensor
region. It was found that there were high stress concentration regions near the embedded sensor
region due to the material and geometrical discontinuities. Experiments were conducted to
investigate the changes in the mechanical strength of the composite structure with embedded
PFCS. Experiments were performed to investigate the effect on the tensile strength, fatigue
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behavior, bending strength, and short beam shear strength of a composite laminate and
composite sandwich structure samples with embedded PFCS.

9.1.2.1 Tests on Composite Laminate Sample
The effects of embedding PFCS and PZT sensors on the structural integrity of glass fiberepoxy composite laminates were investigated. In-plane tensile, in plane tension-tension fatigue,
and short beam strength tests were performed to evaluate the strengths/behavior of the
composites containing embedded PFCS and PZT sensors. Based on this work the following
conclusions can be drawn out:
 From the tensile test, it is observed that embedding PFCS and PZT sensors in the composite
structures leads to a reduction in ultimate strength by 3 and 6% respectively.
 From the fatigue test results, it is concluded that both embedded PFCS and PZT sensors do not
have significant effect on the fatigue behavior of the composite specimens.
 From the short-beam strength test, it is found that embedding PFCS and PZT sensors leads to a
reduction in shear strength by 7% and 15% respectively.
Overall the pure PZT sensors seem to have low compatibility with composites; hence the
reduction in strength values is higher when compared to PFCS sensors, which seems to have
very high compatibility with composites. Hence PFCS will be an ideal choice as an embedded
sensor, when compared to PZT sensor.

9.1.2.2 Tests on Composite Sandwich Structures Sample
Composite sandwich structure (CSS) samples are fabricated with glass micro-balloons
syntactic foam core and resin infused glass fiber face skins. PFCS are embedded inside the resin
infused glass-fiber face skins of the CSS. In-plane tensile, tension-tension fatigue, short beam
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shear and flexural tests were conducted to evaluate the strength/behavior of the CSS containing
embedded PFCS. The effects of embedding the PFCS on the tensile strength, fatigue behavior,
short beam strength, and flexural strength of the SCFS sample were investigated. Based on this
work the following conclusions can be drawn out:


The tensile test shows that both the average ultimate strength and the modulus of
elasticity of the tested CSS with or without embedded PFCS are within 7%.



The Stress-Life (S-N) curves obtained from fatigue tests indicates that the fatigue lives
and strengths with and without the PFCS are close to each other as well.



The result from short beam test shows that there is a reduction of about 5.4 % in the short
beam strength due to embedded sensors.



The flexural test shows that there is a reduction of about 3.6 % in flexural strength due to
embedded PFCS.

Overall the PFCS seems to have high compatibility with composites; hence the reduction in
strength values is not within the considerable design limits.

9.1.3 Damage Detection and Health Monitoring Applications Using Embedded Sensor
The ability of embedded PFCS to detect changes in the applied input stress/strain on the
composite specimen is investigated through experiments for both composite laminate and
sandwich structure samples. From these experiments it is evident that these sensors are highly
sensitive to detect the changes in the stress/strain amplitudes applied to the composite structure.
Damage detection using modal analysis and impact method were discussed with experimental
results. PFCS were able to detect defects like delamination and cracks inside the composite
structure using these two methods. Embedded sensor‟s output response is recorded, while
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performing 3-point bend test on the composite laminate samples is recorded. From this
experiment it can be concluded that by recording and analyzing the embedded sensor output
response continoulsy, the various stages in stress-strain curve of a composite sample can be
studied effectively.

9.2 Recommendation for the Future Work

The research conducted in this work can be further substantiated by conducting the work
in the following areas:

Smart Structure Systems: The results of this study can be used to develop smart structures
system with embedded sensors and actuators. These smart structures will be able to monitor its
health continuously and can adaptively reduce the magnitude of unnecessary vibrations
developed in the system. Integration of such sensors and actuators in an array and network
communication nodes form will enable self-sensing and self-damage-diagnosis capabilities
inside the composites. Hence a more detailed work can be carried out to establish the network of
embedded sensors and actuators for health monitoring and vibration suppression applications
inside the composite structures.

Damage Detection Methods: The damage detection techniques used in this study (Modal
analysis and Impact method) seems to have low sensitivity to detect micron level damages.
Hence high sensitive damage detection techniques are required to be explored using these
embedded PFCS.
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Embedding Techniques: Using correct embedding technique for a particular type of sensor is
very important. Embedding techniques can play an important role on the strength and integrity of
the structure with embedded sensors. The effect of embedding technique on the overall
performance of the structure with embedded sensor is required to be studied in detail.

Cohesive Zone Model: In this work a preliminary 2-D numerical simulation is used to study the
stress concentration regions around the embedded sensor region. A cohesive zone model can be
used to get more accurate and in-depth results.

Smart Composite Fiber Structures: Integrating piezoelectric fibers with commonly used fibers
for composites like glass-fibers and carbon fibers can help in acquiring more accurate local
domain information inside the structures.
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